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Executive Summary

The following report summarizes the benefits of introducing Distributed Resources
within an industrial site. To have a realistic example for this work it was necessary to
design the site. The plant is assumed to be one that manufactures either paper or plastic
film using a continuous process. This requires extensive induction machines that need to
be tightly controlled to insure correct tension of the film during the process. The site has
three main buildings: the factory with 50,000 ft* of floor space, the warehouse and the
office with 57,000 ft* and 18,000 ft* of space respectfully. This site has an overall
demand of IMW and is connected to the main grid through a series of transformers,
overhead lines and cables. There is also another load in the immediate vicinity of the one
under study which allows a platform for disturbances do to load changes and faults. The
feeders from the 120KV source to the 120 volt service deep within the plant was
designed using standard engineering practices.

The first sections details the factory design, its electrical system, the loads and micro-
turbines used. This detailed model is then used to look at issues, which arise when
placing DR at a customer site. Steady state analysis is used to obtain voltage profiles,
power flows and system losses for different scenarios. For example; with and without DR
both grid connection and islanded, changes in load levels and loss of micro-turbines. In
all cases the inclusion DR greatly improved voltage profiles, reduced reactive power
flows and reduced losses.

Dynamics studies were also performed on this test site using the Electrical Magnetic
Transient Program (EMTP) from Electrical Power Research Institute. The dynamic
studies required detailed power electronic models and controls for each micro-source
embedded in the site’s electrical system. The results demonstrate the effectiveness of the
local voltage controller during load changes and load sharing features when in island
operation. Through simulation the key control concepts required for creation of
MicroGrids are shown to be effective without fast communications.
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1. Introduction

The following report summarizes the benefits of introducing Distributed Resources
within an industrial site. A detailed description of the factory is followed by steady state
analysis of the system. This industry has an overall demand of IMW and is connected to
the main grid with a series of transformers. Within the plant there are three main
buildings: the factory, the warehouse and the offices. The grid supplies also another plant
in the immediate vicinity of the one under study. Each parameter of the system is found
from tables available from the literature. Steady state analysis is used to obtain voltage
profiles and power flows for the system in the following scenarios: without units, with
DR’s with grid connection and with DR’s in isolation mode, when the connection to the
main grid fails.

2. Factory Design

The industrial site under study produces sheets of paper and can be found in any location
of the North America. This company has a production line that is sensitive to quality of
power at its feeders, and it is willing to explore the benefits of introducing DR’s as a
mean to improve the reliability of power delivery. Figure 1 shows the general overview
of the plant, detailing the relative location and size of the main buildings: factory,
warehouse and offices and it also provides the location of the transformers and main
cables at different voltage levels. Figure 2 shows the electrical diagram of the plant with
details of the buildings, load location and cable size and length. There also is the bus
numeration used to model the factory and the overall active power demand is specified
for each building. The dark boxes on the cables represent the switches that will trip in the
event that the main connection with the grid fails and the system goes in island mode.
Those switches shed part of the network that is not crucial to the plant survival.

Few miles away from the location of the factory there is a high voltage transmission line
that feeds another nearby plant. The voltage is lowered from 120KV to 13.8KV and
delivered to the industrial site through aerial lines and buried cables. Three transformers
are located outside one of the walls of the factory. Voltages are lowered to 480V and
240V.

The factory has two floors, in which the company loads are equally distributed. At each
floor there are five induction machines that carry a sheet of paper during its production
process. To avoid damaging the sheet, it is critical to maintain a good control on the
tension of the sheet. This is done by controlling the torque of the induction machines,
operation that can be done as long as electric power is provided at the feeder. Three phase
rectifying bridges are used to obtain the DC power to feed the ASD’s that control the
induction machines. Each floor has lights and an air conditioning system, composed



primarily of synchronous motors that drive the compressor for the unit. The second floor
has also the machine room for the two elevators that are in the factory.

The warehouse is located in front of the factory and is reached by a cable at 480V. In the
warehouse there is the transformer responsible for lowering the voltage to 208V, to
provide both voltages in both warehouse and office.

The warehouse has a tall ceiling, with a single elevator. The air conditioning system is

located at ground level, while the lights and elevator machine room are located on the
ceiling of the warehouse.

The office has two floors where all the managing part of the company takes place.
Computers and related accessories that represent a large quota of the office loads are
evenly located at both floors, the same for the light and air conditioning loads. From the
208V panel at the first floor of the office there is a cable that is responsible for delivering
the power to all the perimeter lights, located around the property of the factory.
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2.1 Sensitive Loads

There are some loads inside the micro-grid that need to be supplied even if the
connection to the main grid fails. These sensitive loads are located in the factory and in
the office buildings. The induction motors inside the factory are sensitive loads and
represent a large quota of the plant demand. There are three phase rectifying bridges that



feed sensitive DC loads that represent the ASD’s that control the induction machines. In
the office there are single phase rectifying bridges that are responsible for providing DC
supply to the digital loads and computers which are considered sensitive loads.

Controlléfole Tension Paper

Rolls

g )

y Induction Motors
0

Figure 3. Controlled Tension Paper Sheet

The motors move the rolls responsible for the tension and the movement of the sheet of
paper. The control of the tension is crucial to obtain desired sheet thickness, and also to
avoid its tear. If there is a voltage fluctuation at the machine terminals, the fluctuation
induced in the torque of the motor may be enough to damage the sheet. It is very
important that a high voltage quality is maintained at the terminals of the IM.

2.2 Non Sensitive Loads

During island mode, it is not convenient trying to supply all the loads of the plant, but
rather only a subset of them. It is mandatory to maintain satisfactory quality for the
electrical quantities at the sensitive loads. Non sensitive loads can be dropped to avoid
the need to have DR’s with overall ratings to cover all the plant loads. During island
mode, 170KW of loads are shed from the micro-grid. These loads are: all the elevators,
all the warehouse loads and the perimetral lights and they are dropped by tripping the
switches represented by black boxes in Figure 2. It is important to be able to shed non
necessary loads during island mode because it lowers the total rating installed for the
DR’s. The ratings of the units are defined in the island operation mode, when their
demand is at the peak. While installing DR in the industrial site it is important to try to
achieve the following goals:

1) reduce the losses in the micro-grid

i1) holding down the ratings of the units while keeping voltage to desired values



111) maintain ability to feed the plant during isolation even in the face of a loss of a

microsource in the plant

2.3 Factory Summary

It is possible to break up the electrical diagram in three distinct groups: transformers,
loads and branches. Each part of the network will be derived in the following section,
where the components of the models will be described. The following Tables are very
useful to directly compare different models and connections for the components of the

network. The transformer data is summarized in Table 1, where all the voltages, ratings

and connection types are listed.

Transformer # V_primary V_secondary Actual Load Rating Connection Available
[KV] [KV] [KW] [KVA] Voltages [V]
1 120 13.8 1000 2000 Delta-Wye-n
2 13.8 0.480 560 1500 Delta-Wye-n 480, 280
3 13.8 0.480 440 1500 Delta-Wye-n 480, 280
4 0.480 0.240 70 200 Delta-Delta-n 240, 208, 120
5 0.480 0.208 150 300 Delta-Wye-n 208, 120

Table 1. Transformer Summary

Loads are summarized in Table 2, where utilization voltage, connection type and sizes

are listed. The Table also shows which model is used to represent the load in the

electrical network.




Load Type Voltage Level Connection Sizes Power Factor Model Quantity
[Vl [KW]
Induction 480 3 ph. Delta 50 0.80 Delta equiv. 9
Impedance
Motors
Induction 480 3 ph. Delta 50 - Detailed IM 1
Motor
AC Systems 280 3 ph. LN 15, 30, 40 0.95 LN equiv. 5
Impedance
Elevators 480 3 ph. Wye-n 30 0.97 LN equiv. 3
Impedance
Lights 120 Single ph. LN 5,10, 15, 30 0.98 LN equiv. 5
Impedance
Computers 120 Single ph. LN 50 0.96 LN equiv. 2
Impedance
Factory Process 480, 280, 240, 3 ph. 1 ph. 20, 30 ... 4
208, 120
LN
Capacitors 280 3 ph. LN - - LN equivalent 2

Table 2. Load Summary




Table 3 summarizes the properties of each of the branches responsible to distribute the

power along the plant. The voltage level, ratings and cable type are listed along with the

theoretic and allowable current per phase.

Voltage Actual Worse pf Actual Rating Loads Current per | Cable Type
KV Load [KW KVA Supplied hase [A
Branch [KV] [KW] [ 1 [KVA] pp p [A]
2>3 13.8 1000 0.80 1250 2000 All plant 83.6 AWG 6
3>4 13.8 1000 0.80 1250 2000 All plant 83.6 AWG 4
5 > 1* Floor 0.480 280 0.72 388 388 M, AC 465 MCM 750
5> 2" Floor 0.480 280 0.72 388 388 M, AC 465 MCM 750
8>7 0.480 120 0.80 150 160 MP, 191 AWG 3/0
Elevators
7 > 1* Floor 0.480 30 - - 40 MP 47 AWG 6
7 > 2" Floor 0.480 90 - - 130 MP, 155 AWG 2/0
Elevators
9> 10 0.240 70 - - 100 MP, Lights 238 MCM 250
10 > 1* Floor 0.240 35 - - 50 MP, Lights 119 AWG 1
10 > 2™ Floor 0.240 35 - - 50 MP, Lights 119 AWG 1
8> 11 0.480 250 0.78 320 320 Warehouse, 382 MCM 600
Office
11>12 0.480 70 0.85 82.3 82.3 AC, 99 AWG 2
Elevator
12 > Ceiling 0.480 30 0.80 37.5 37.5 Elevator 45 AWG 8
14 > Ceiling 0.208 30 0.78 38.4 38.4 Lights 106 AWG 2
11>13 0.480 30 - - 40 AC 48 AWG 8
13 > 1* Floor 0.480 15 - - 30 AC 36 AWG 8
13 > 2™ Floor 0.480 15 - - 30 AC 36 AWG 8
14> 15 0.208 120 0.90 133 150 Office 416 MCM 600
15 > 1* Floor 0.208 55 - - 70 Computers, 194 AWG 3/0
lights
15 > 2™ Floor 0.208 55 - - 70 Computers, 194 AWG 3/0
lights
15> 0.208 10 0.9 11.1 11.1 Lights 31 AWG 8
Perimetral
Lights

Table 3. Cable Summary




With data from the previous tables it is possible to find the values for the electrical

parameters. Next section will deal with obtaining these values. Table 4 summarizes the

values in actual units for the electrical parameter of the transformer, reported on the high

voltage side.

Transformer # Primary Voltage [KV] Ratings [KVA] R [L] X [€2]
T1 120 2000 51.15 486
T2 13.8 1500 1.15 7.23
T3 13.8 1500 1.15 7.23
T4 0.48 200 0.0087 0.0357
T5 0.48 300 0.0061 0.0261

Table 4. Transformer Data

Table 5 summarizes the values for the parameters of the load, the connection to the local

feeder, the power level of the load and the utilization voltage.

Load Type Voltage [V] P [KW] R X Connection
Induction Motor 480 50 8.8474 6.6355 L-L, 3 ®, Delta
AC 280 30 2.3614 0.7714 L-n,3 ®, Wye
AC 280 40 1.7701 0.5797 L-n,3 ®, Wye
AC 280 15 4.7227 1.5427 L-n,3 ®, Wye
Elevators 480 30 7.2282 1.8071 L-n, 3 ®, Wye
Lights 120 15 0.9231 0.1846 L-n,1®
Lights 120 30 0.4609 0.0937 L-n,1®
Lights 120 5 2.7692 0.5538 Ln,1®
Lights 120 2 6.9231 1.3846 L-n,1®
Computers 120 50 0.2657 0.077 Ln,1®
Factory Process 280 30 6.9395 2.2669 L-n, 3 ®, Wye
Factory Process 120 20 3.5455 1.1523 L-n,1®
Capacitors 480 - - -1.536 L-n,3 ®, Wye
Neighboring Plant 120000 2000 6914.9 1404.1 Ln,1®

Table 5. Load Data




Table 6 shows the parameters used to represent the branches that deliver power to the

network. There are two models, and a given cable is represented by either of them. The

first model is a series of a resistance and impedance, the other specifies sequence
parameters, here assuming that positive and negative sequence have the same value.

Branch Cable Size | Length [ft] R, €] X, Q] R, €] X, Q] R, Q] X, Q]
Substation > AWG 2 49700 8.541 11.003 11.741 20.719
T1
T1 > Neighbor AWG 2 9940 1.7082 2.2006 2.3482 4.1438
2>3 AWG 6 4970 2.16 1.088 2.59 2.357
3>4 AWG 4 4970 1.564 0.026 1.9 0.914
5 > 1* Floor MCM 750 150 0.0027 0.0037 0.0724 0.0059
5 > 1* Floor MCM 750 60 0.0011 0.0015 0.0290 0.0023
5> 2" Floor MCM 750 180 0.0033 0.0044 0.0869 0.0070
8§>7 AWG 3/0 50 0.0039 0.0013 0.0549 0.0024
7 > 1* Floor AWG 6 350 0.1761 0.0130 0.7507 0.0222
7 > 2" Floor AWG 2/0 380 0.0378 0.0106 0.4557 0.0191
9> 10 MCM 250 50 0.0026 0.0013 0.0449 0.0023
10 > 1* Floor AWG 1 350 0.0554 0.0109 0.4275 0.0180
10 > 2™ Floor AWG 1 380 0.0601 0.0119 0.4641 0.0196
8> 11 MCM 600 500 0.0114 0.0123 0.2757 0.0198
11>12 AWG 2 50 0.0099 0.0017 0.0703 0.0027
12 > Ceiling AWG 8 100 0.07275 0.00389
14 > Ceiling AWG 2 200 0.0397 0.0066 0.2813 0.0110
11>13 AWG 8 100 0.07275 0.00389
13 > 1* Floor AWG 8 200 0.1455 0.0094
13 > 2™ Floor AWG 8 230 0.1673 0.0108
14> 15 MCM 600 100 0.0023 0.0025 0.0551 0.0040
15 > 1* Floor AWG 3/0 150 0.0118 0.0040 0.1648 0.0073
15 > 2™ Floor AWG 3/0 180 0.0142 0.0049 0.1977 0.0087
15 > Perimetral AWG 8 200 0.1455 0.0094
Lights
Perimetral AWG 8 100 0.07275 0.00468
Lights

Table 6. Cable Data
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3. Components of the Models

In this section, the models of the system will be described and the parameters that
represent them will be derived. The transformer data is found first starting from the
terminal voltage levels, ratings and percent impedance. Cable data require some different
set of tables to be identified. Each line or cable will be defined by its length, voltage level
and current that has to withstand. Finally, loads will be considered: starting from model
type, ratings and utilization voltage the parameters will be evaluated.

3.1 Transformers

There are 5 transformers in total in this system, four of them within the property of the
industrial site. The transformers T2 and T3 are connected in parallel from the high side,
and provide a normally open connection on the low side. This connection is closed during
maintenance at either of these transformers, and allows to partially feed the loads that
would otherwise be unpowered. Each transformer will be described and the electrical
parameters evaluated.

Transformer T1

This transformer, included in a substation cabin not too far from the plant, is connected to
the high voltage aerial transmission line. The primary side busbar is at 120KV, and the
secondary busbar is at 13.8KV. The secondary busbar is connected to the distribution
aerial line of 13.8 KV. This transformer has to carry the full load of the plant, which is of
IMW. The size of this transformer is chosen to be 2MW to meet this requirement and
some possible expansion plans. This transformer is delta-wye with neutral solidly
grounded on the secondary, and has a variable tap changer. From voltage levels and

ratings, this transformer typically will have a percent impedance of 6.75% and a ratio

% =9.5. With this data in hand it is possible to obtain the transformer data as:

_V2Z% 120000” 0.0675

X = 486 Ohms
MVA 2000000

R= l =51.15 Ohms
9.5

Transformer T2

This transformer is located on the back of the factory building, within the industrial plant
compounds. The primary side at 13.8KV is connected to a busbar that connects with the
transformer T2 and with the underground cable coming from the distribution system. The
secondary side, at 480V, is connected to two cables each one feeding some of the loads of
both floors in the factory. Essentially, loads are induction machines and AC systems. The

11



combined load is S60KW, but redundancy requirements with transformer T2 ask for a
much higher capability. This translates in a 1.5MVA rating for transformer T1. This
transformer is delta-wye connected and has a solidly grounded neutral at the secondary.

The percent impedance of this transformer is 5.7% and % = 6.3. The reactance and

resistance of the transformer are:

5 138007 0.057
1500000

=7.23 Ohms

R=—=1.15 Ohms

X
6.3

Transformer T3

This transformer is twin of T2 for what concerns the electrical properties. This
transformer is also located very close to T1, fed at its primary side by the distribution
cable entering the plant. The secondary side busbar is connected to the remaining 480V
load inside the factory, to the cable that leads to the warehouse and to the primary side of
the transformer T4. The resistance and reactance of this transformer are the same as of
transformer T2:

R=7.23 Ohms
X=1.15 Ohms

Transformer T4

This transformer is introduced to meet the demand of loads at voltage lower than 480V,
and it is located near the transformers T1 and T2. This transformer is connected at delta-
delta with the central point a line to line grounded in the secondary side. This allows to
obtain three different voltages at its terminals: 240V as the line to line voltage, 208V and
120V as the line to neutral voltage. The load is a mix of rectifying bridges, lights and
factory processes. Although the current load is of 70KW, the rating for this transformer
are 0.2MVA to allow for further expansion. The percent impedance of this transformer is

3.1% and the ratio % = 4.1, which yield:

12



_480° 0.031
200000

R= X
4.1

=0.0357 Ohms

= 0.0087 Ohms

Transformer T5

This transformer is located in the warehouse and is needed to feed loads at 208V and
120V in the warehouse and office buildings. The primary busbar is connected to the cable
coming from the warehouse, while the secondary busbar is connected to two cables: the
first reaches the ceiling of the warehouse, the other goes to a panel inside the office. The
current load is 150KW, and a transformer with rating of 0.3MVA is chosen to fully meet
the demand, as well as future plans for expansion. The percent impedance of this

transformer is 3.4% and the ratio % = 4.3, which yield:

~480° 0.034

=0.0261 Ohms
300000
X
R =—=0.0061 Ohms
43
3.2 Lines and Cables

This chapter describes each of the branches that transmit power: these branches are
usually lines or cables. We have aerial lines at the 120KV and 13.8KV voltage levels,
while cables are responsible for distributing power in one branch at 13.8KV and in all the
lower voltages ones. Each branch is described in detail, giving justification of the values
for the electrical parameters used to describe it. Most of electrical parameters of the
cables are found in tables existing in the literature. We report some significative tables
for our study below. Table 7 shows the resistance and reactance for building wires in
different conditions: we are interested in the case when three conductors are in the same
duct and in presence of a non magnetic conduit.

13



Typical Resistance and Reactance Values for Building Wire and Cable, in Ohms per 100 ft,
Line-to-Neutral, at Normal Operating Temperature

Wire Tempers- Magnetic or Interlocked Armor Cable

. Conduit Noomagoetic Conduit
Size ture
{MCM) {*C} Raa R X z RiZ X Z R/Z
Singlo-Conducior Cable in Conduil
8 80 0.07275 0.07278 0.00385 0.0730 G.99 0.00488 0.0729 1.0
4 50 0.02928 0.024928 0.00525 0.0297 0.98 0. 00420 0.0296 0.9
2 75 0.01047 0.01964 0.00491 0.0202 0.97 0.00392 0.G200 0.08
1 75 0.05530 U, 01554 0.006515 0.0163 0.95 0.00412 0.0181 0.94
4] 73 0.01218 0.01241 0.00510 0.0124 0.93 0. 00408 0.0131 0.95
000 15 ©¢.00768 1+ 00798 0.00480 0.0083 .86 0.00384 0.0088 0.90
0000 75 0.00808 100839 0.00484 0.0079 0.81 0.00371 0.0074 0.8¢8
50 15 0.00518 1.00548 0. 00461 0.0071 0.76 0.00368 0.0088& 9.83
350 15 0.00368 0.00397 0.00456 0.0060 0.6 0.00385 0.0054 0.73
500 75 0.00257 14.00291 0.00432 0.0052 0.56 0.003468 0.0045 0.4
150 75 0.00172 1. 00208 0.00417 0.0047 0.44 0.00334 0.0039 0.53
1000 kL] 0.0 11.00170 0.00418 0.0045 0.38 0.00333 0.0037 0.45
1500 73 0. 00088 0.00137 0. 00408 0. 0043 0.32 0.00328 6.0035 0.39
Two- or Three{onductor Cable tn Condusi
60 0.07275 0.07275 0.00841 0.0729 1.00 0. 0O3R”Y 0.07T28 1.00
4 80 0.02928 0.00928 00404 0.0294 ¢.99 0. 00349 Q.0295 0.9
2 75 0.01047 0.01964 0.00378 0.0200 0.98 0.0032¢ 0.0199 0.98
1 75 0.01530 0.01554 0.00397 0.0181 0.90 0.00342 0.0159 0.98
] 75 0.01218 0.01241 0.00393 0.0130 Q.85 0 00339 0.0129 0.96
000 75 0.00788 0.00798 0.90370 0. 0088 0.91 0. 00319 0 _0UHe 0.93
0000 T3 0.00608 0.U0639 0.00358 0.0073! D.87 0.00308 0.0071 0.%0
250 75 0.00516 0.00548 0.00355 0.00851 0.84 ¢.00306 0.00626 D.87
350 75 0.00368 0.00397 - 0.00382 0. 00531 0.75 0. 00303 U, DO49S 0.79
500 75 0.00257 0.00291 0.0033 0.00442 0.08 0.00287 0009 G.el
750 15 0.00172 0.90208 ¢.,00321 0.00383 0.54 0.00218 0,00347 0.60
1000 75 0.00129 Q.00L70 0.00320 0.00362 0.47 0.00277 0.00325 0.32
1500 75 0. 00088 0.00137 0.00315 0.00342 q.40 0.002T1 0.00:304 0.43

For aluminum cables of the same physical sizs, multiply the resistance by 1.54. (3ee NEC, article 9, table 8.)
This table is taken from IEEE JH 2112-1, Protection Fundamentals for Low-Voltage Electrical Distribution Systems in

Commercial Buildings. The letier rymbol uaed in the table for kilocircular mils {MCM) has been deprecated and replaced by
kel

Table 7. Cables in Building

Table 8 shows the properties of different kind of insulation: the plant under study uses
insulation RHW. Table 8 appears in [1] on page 60.
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INSULATION AND SHEATH

CHARACTERISTICS

Physical and Mechanical Properties
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Typical Electrical Characteristics
i \ | j (%-iginal %ngmal
. . ile onzn
Industry Dmlectnc Insulation | Stability s
MEGA | o | B D pover| RERE | S g |
Reference Volts /mxl c K/M Ft. | Water gha | ‘
| | A 500 200
R U/L 300 5.0 06 950 N 1200 250
Neoprene Manufacturer’s 250 1.0 09 100 N
Recommendations 500 200
RW U/L 325 4.5 .05 950 R 700 300
RH-RW U/L, ASTM D-754 350 | 43 035 2,000 R 600 300
RHW u/L | 300 ) 5.0 08 10,000 R 600 300
RHH U/L 300 5.0 .05 10,000 N 900 350
Submarine M. turer's | a00 32 0 15,000 R
Recommendations 450 250
Qil Base (ozone! ASTM D-574 | 450 4.1 | 035 5,280 R
resistant) 600 300
Buty) (ozone ASTM 1352 300 5.0 | 0% 10,000 | R
resistant} 1500 106
Polyviny) ASTM [-734 550 5.0 .16 500 R
Chloride 1400 | 350
Polyethylene ASTM D-135) 600 2.3 .0004 50,000 + R ‘
———-
e U S P
SHEATHS
o o 3500 500
Natural Rubber| ASTM D-53% 1800 ‘ 300
Buna § ASTM D-866 1800 300
Neoprene ASTM D-752 1500 100
Polyvinyl ASTM D-1047 -
Chloride \ 1400 | 300
Polyethylene | Manufacturer's
Recommendations
*Can be made flame retardant.
N =Not recommended. E =Excellent
R =Recommended G =Good
F =Fair
P =Poor
N =Not recommended.

Table 8. Insulation Properties

Table 9 shows the current capability for each of the cable sizes, depending on the type of

insulation used. This table refers to aerial cables and we are interested in the RHW

isolation column and appears in [1] on page 197. Table 10 shows the current capability

for cables in raceways or direct burial and is from [1] on page 196. Table 11 is used to

find the electrical parameters of the cables when the size is known: we are interested only

in the first row of data, the one relative to cables below 1KV. Table 11 appears in [2] on

page 674. The process to identify the parameters for a cable starts with finding the current

that needs to be delivered and from there obtain the corresponding size of the cable that

is capable of carrying it. Then the numerical values for electrical parameters are read

from the tables.
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ALLOWABLE CURRENT CARRYING
CAPACITIES

{Ampacity)
Copper Insulated Conductors
in Free Air*
Single Conductors

Rubber Tl’;crmo- .!
T i plastic |
TYSILBCREV | Rubber Asbestos i
Type RU7| Type RH | Typt TA Impreg- Slow
Size Type RUW|Type Type RUH! VarCam | Asbeatos nated Asbestas ?;S,“gg
AWG _il4-7) _(14.2) 1 Type V Var-Cam | Asbestos Type A |-
ior T Type “Type “Asbestos |Type AVA| Type Al 114-8} Weather-
MCM RM.Rw | RH-RW | Var-Cam |Type AVL| <(14-8) 1 Type AA proof
ST e |Type AVB Type AlA Type WP
Thermo- Typc Type SBW
Flam;r , RAW | MT Cabic |
< Type
Tyﬁg TW RH B | -
_____ AMPERES* PER CONDUCTOR
4 30 70 30 40 40 35 30
12 5 25 40 50 50 55 40
10 10 40 55 65 70 75 55
. 55 &5 e as 50 180 70
b g | 95 100 | 120 125 135 100
4 105 125 135 160 170 180 130
3 120 145 155 180 195 210 150
2 140 170 180 210 225 240 175
1 165 195 noe 245 265 280 205
10 195 | 20 145 285 305 325 235
Lo 125 | 265 | 285 130 385 370 275
10 160 310 130 185 410 430 320
LR 300 iso ! 385 445 475 510 370
150 30 405 425 495 530 : 410
30G 375 445 ! $8g 555 500 ! 460
150 420 505 330 | 610 655 1 510
00 455 545 . 575 665 710 . : 555
500 | 515 520 660 . 765 815 o 630
H0Q 575 590 - 740 855 910 . 710
T00 630 755 . B1S | 940 1005 780
T5Q 655 185 845 | 98¢ 1045 810
200 G40 Bl ¢ 880 | 1020 1085 . 845
300 730 870 940 o el . 905
1000 780 935 1000 1165 1240 ., 565
1250 890 1065 1130 o e
1500 980 1175 1260 1450 .. 1 1215
tlggg }clnm | 1280 | 1370 .
55 1385 | 1470 1715 ! ., 1405
.. CORRECTION FACTORS FOR ROOM TEMPERATURES OVER 30 € (86 F)
g LION FALTORS FOR XOOM 1eMMe :
Y 104 82 38 30 94 95 |
15 113 A1 52 a5 30 92 !
300 122 B 75 80 87 89 i
% 131 41 ! &7 14| 83 86 ..
56 140 i8 57 79 83 91
70 158 45 .52 71 .76 87

*Based on 1955 Natu:mal Electrical Code. For special notes pertaming to this table, rcfer to

‘ategt issue of the NECS.
“*The current cerrying capacity for typr RHH conductors for sizes 14, 12 and 10 AWG
«hail be the same as designated for type RH

Table 9. Current Capabilities — Aerial Cables



ALLOWABLE CURRENT CARRYIN G

CAPACITIES
(Ampacity)
Copper Insulated Conductors
in Raceway or Cable or Direct Burial*
Not More Than Three Conductors

Paper
Rubber
Type R Thermo- -
Type RW y plastic
Type RU Rubber -i}' b“‘tl?; Impregnated
Size | Type RUW |_Type RH i Asbestos Asgbestos Asbestos
AWG ~(14-2) Type ROUH | Var-Cam Var-Cam Type Al Type A
of  liyperERW| _(142) | _TypeV | Type AVA (14-8) (14-8)
MCM |[—/———— Type RH-RW Asbestos Type AVL Type AIA Type AA
Thermo- [Z¥P® = 2| war-Cam
plastic Type RHW Type AVB
Type T
Type TW MI Cable
Type RHH**
AMPERES* PER CONDUCTOR
14 15 is. — 25 30 30 — 30
12 . 20 20 - 30 35 40 4Q,
10 30 30 : 40 45 50 55
8 40 45 50 60 65 70
6 55 65 70 80 85 95
4 70 a5 90 105 115 120
3 80 100 105 120 130 145
2 95 115 120 135 145 165
1 110 . 130 140 160 170 ’ 190
1/0 125 150 155 190 200 225
2/0 145 175 185 215 230 250
3/0 165 200 210 245 265 285
4/0 195 230 235 275 310 340
2590 215 255 270 315 335
300 240 285 300 345 380 e
350 260 310 3as 390 420 .e
400 280 335 360 420 - 450 Ve
500 320 380 405 470 500 ven
600 355 420 455 5325 545 .
700 385 460 490 560 600 .
750 400 475 ‘500 580 620 .
800 410 490 515 600 640 .
900 435 520 555 .- e .
1000 455 545 585 680 730 Ve
1250 495 590 645 e ... P
1500 520 625 700 785 . .
1750 545 650 735 .- -
2000 560 665 775 840 ...
CORRECTION FACTORS FOR ROOM TEMPERATURES OVER 30 C (86 F)
C F
40 104 .82 48 90 94 95 P
45 113 71 82 .85 .90 92 Ce
50 122 .S58 J5 .80 87 .89 P
55 131 41 .67 74 B3 .88 e
60 140 v .58 67 79 .83 91
70 158 35 52 71 .76 87
¥Based on 1956 National Electn Code. For special notes pertaining to this table, refer to

latest issuc of the NECS.
#*The current carrying capacity for'l‘ypeRI-IHconductorsforum14 12 and 10 AWG
shall be the same as designated for Type RH

Table 10. Current Capability — Raceway and Buried



Table A-15 60-Hz characteristics of thre
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seLtor,

Source: (1],

stranded round : 8 comipagt

Table 11. Sequence Parameters of Cables



Grounding system

Transformer T1 is solidly grounded to earth on its secondary. Far away, with some earth
resistance in between, there is the grounding of the transformers T2 and T3. Transformer
T4 is very close, and grounded at the midpoint at one of the delta sides of the secondary.
The buildings are grounded throughout the area. It is therefore licit to assume that within
the plant, connection to neutral is synonymous with connection to ground.

Branch at 120KV

This branch is meant to represent a transmission line that runs in the neighborhood. This
branch starts from a transmission yard, 10 mi. away, connects with the substation for the
industrial plant, and continues to a neighboring industrial park. The line is carried on a
tower represented below in Figure 4

755 feet

¥
1TEI

Figure 4. 120KV Tower

The actual loads of the transmission lines are 3MW combined, but the line can carry up
to 12MVA, due to a forecasted load growth in the area.

Each phase of the transmission line must be able to deliver 4MVA and therefore carry

4000 =57.7 A. Assuming a current density of 2A/mm’, we need a 28.8 mm’ cross

)
73

section wire. Since 1Kcmil=0.506 mm®, this requirement translates into 57.01 Kcmil for
the cross-section. From Integrated Grounded System Analysis (IGS) software, it is
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possible to obtain cable data from the geometrical disposition of the wires as of Figure 1
and from the cable size that meets the cross-section requirements (AWG size 2). IGS is a
software that allows to find parameters for lines: the input parameters are voltage level,
cable section, material and insulation, geometrical disposition of the three phases and
medium between cables. IGS yields data in sequence domain, which is the preferred
format to perform unbalanced analysis. For the 10 miles section the results are:

R1=8.541 Ohms  X1=11.003 Ohms
R0O=11.7410hms  X0=20.719 Ohms

For the 2 miles section the data is:

R1=1.7082 Ohms  X1=2.2006 Ohms
R0=2.3482 Ohms  X0=4.1438 Ohms

Branch at 13.8KV
Branch from Bus 2 to 3

It is an aerial line, using a single pole distribution line with 3 phase conductors placed at
triangle. Neutral is also carried in the pole. The load is the whole plant, IMW, and a

conservative power factor of 0.8 brings the requirements for the apparent power to
1

08 1.25MVA. The nature of the plant loads with induction machines and the
requirement that the line must satisfy further plant expansions suggest that conservative
MV A ratings of the transmission line over the three phases are 2MVA.

000

Each phase must be able to transfer 2 =666 KVA.

666

)
RE

From Table 9 and remembering our choice for insulation, RHW, (see Table 8 for

Current per each phase: =83.6 A

insulation properties) it is possible to see that AWG size 6 is the conductor that we need

20



to use here. From IGS software, after choosing the tower structure (shown in Figure 5)
and selecting the cable size, the data relative to the one mile span of this aerial line is:

R1=2.16 Ohms X1=1.088 Ohms
R0=2.59 Ohms X0=2.357 Ohms
2
4 B pfac
M+
324 feet
¥

S POLE DISTRIE. LIME {TRIAMGLE)

Figure 5. 13.8 KV Pole

Branch from Bus 3 to 4

It is a buried cable line, in series to branch from bus 2 to 3. The current carried by each
conductor must be 83.6 A. From Table 10, it is possible to see that if we assume all three
cables are buried in the same duct, then AWG size 4 is the conductor we need. From IGS
software, using RFC3 cable configuration (shown in Figure 6), with a length of one mile,
it is possible to find that the impedance is:

Rs=1.676 Ohm Xs=0.322
Rm=0.112 Ohm Xm=0.296
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7.2 feet

¥ o
Three Phase URD Cable, buried &ff deep

Figure 6. Geometrical Disposition of Buried Cable

The sequence values can be calculated as:
Z1=7s-Zm and Z0=Zs+2*Zm

The values are as follows:

R1=1.564 Ohms X1=0.026 Ohms
R0=1.9 Ohms X0=0.914 Ohms

480V System
Branch from Bus 5 to First Floor 480V loads

Cable line in ducts: it is a four wire system with full sized neutral cable. It needs to
supply all the 480V loads in the factory building of the plant at the first floor. There are 5
motors and one AC system on each floor, the combined load is 280KW with 250KW
alone of induction machines. During startups the power factor may impoverish
considerably due to the inrush currents drawn by the machines. In the event that the
power angle becomes as little as 0.72, then the apparent power requirement for this part

of the network is: % = 388 KVA. Each phase must supply 129KV, and the current

129

requirement per cable is: 7048\ 465 A. From Table 10, considering RHW insulation,
&

it is possible to see that we need a wire of size MCM 750. From Table 11 we obtain:
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R1=0.091 Ohm/mile =~ X1=0.121 Ohm/mile
RO=2.40 Ohm/mile =~ X0=0.194 Ohm/mile

This line is composed of 5 parts: the first is 150 ft long, leaving from the transformer
busbar and reaching the first induction machine. From there on, there are 4 consecutive
equal branches of 60 ft length each. At the end of each of these branches there are the
remaining 4 induction machines. For the first part, 150 ft long we have:

R1=0.091%150/4970= 0.0027 Ohm  X1=0.121*150/4970= 0.0037 Ohm
RO=2.40*150/4970=0.0724 Ohm  X0=0.194*150/4970= 0.0059 Ohm

For each of the sections 60 ft long we have:

R1=0.091%60/4970=0.0011 Ohm X1=0.121*60/4970=0.0015 Ohm
RO= 2.40*60/4970= 0.0290 Ohm X0=0.194*60/4970= 0.0023 Ohm
Branch from Bus 5 to Second Floor 480V loads

This branch is identical in considerations as the preceding branch, with the only
difference being that the part of the cable that spans from the transformer to the first
motor has to reach one floor up. To keep this factor into consideration, an extra 30 ft of
length have been added. Therefore, this branch is 180 ft long: the data for this part is:

R1=0.091%180/4970= 0.0033 Ohm  X1=0.121*180/4970= 0.0044 Ohm
RO=2.40*180/4970=0.0869 Ohm  X0=0.194*180/4970= 0.0070 Ohm

Branch from Bus 8 to 7

This branch feeds the remaining 480V loads of the factory. In particular feeds the factory
process and the elevators. This is a short cable that starts from the transformer busbar to
reach the panel where the cable for first and second floor split. The total active power
demand on this branch is 120KW. The worse case power flow of 0.8 translates the
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requirement in % =150 KVA. To accommodate for expansion, the branch must be able

to deliver 160KV A. Each phase must carry 53KVA which means that the current

capability must be at least of ﬁ =191 A. From Table 10 we see that a cable size

V3
AWG 3/0 fits our needs when insulation RHW is chosen. From Table 11, we obtain the
following data:

R1=0.392 Ohm/mile X1=0.134 Ohm/mile
RO=5.46 Ohm/mile X0=0.241 Ohm/mile

The length of this branch is of 50 ft, therefore the data is:

R1=0.392%50/4970= 0.0039 Ohm X1=0.134*50/4970=0.0013 Ohm
RO= 5.46*50/4970= 0.0549 Ohm X0=0.241*50/4970= 0.0024 Ohm

Branch from bus 7 to First Floor 480V loads

This branch feeds the factory process at the first floor. The process has a mix of three and
single phase rectifying bridges for a total of 30KW. The company plans to add new loads
on this feeder: the apparent power needed to be delivered is assumed to be 40KV A. Each

0.48
V3
AWG 6. From Table 11, we obtain the following data:

phase must deliver 13KV A and carry ﬁ =47 A. From Table 10, we need cable size

R1=2.50 Ohm/mile =~ X1=0.185 Ohm/mile
R0=10.66 Ohm/mile = X0=0.315 Ohm/mile

The length of this branch is of 350ft, which means that the data is:
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R1=2.50%350/4970=0.1761 Ohm  X1=0.185*%350/4970= 0.0130 Ohm
R0=10.66*350/4970=0.7507 Ohm  X0=0.315*350/4970=0.0222 Ohm

Branch from Bus 7 to Second Floor 480 V loads

This branch is 30 ft longer than the preceding because it needs to reach one floor up. This
branch feeds the same amounts of loads as the first floor, but also includes the elevators,
whose machinery is located on the top of the building. The total load for this floor is
90KW. Assuming that the expansion program of the plant extends also at the second
floor, then a safe value of apparent power that must be delivered is 130KVA. Each phase

0.48
NE]
AWG 2/0. From Table 11, we obtain the following data:

must deliver 43KV A and carry ﬁ =155 A. From Table 10, we need cable size

R1=0.495 Ohm/mile X1=0.138 Ohm/mile
R0=5.96 Ohm/mile = X0=0.250 Ohm/mile

The overall cable length is of 380ft, and the data is:

R1=0.495%380/4970=0.0378 Ohm X1=0.138*380/4970=0.0106 Ohm
R0=5.96*380/4970= 0.4557 Ohm X0=0.250*380/4970= 0.0191 Ohm
Branch from Bus 8 to 11

This branch connects the secondary side busbar of the transformer T3 in the factory with
the primary side busbar of the transformer in the warehouse. The cable must be able to
carry the load for warehouse and offices: the current combined load is 250KW. To

accommodate for a power factor of 0.78, we obtain % = 320 KVA. Each phase must

deliver 106KV A and carry 106 =382 A. From Table 10, we need cable size MCM

(0.48)
J3

600. From Table 11, we obtain:
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R1=0.113 Ohm/mile X1=0.122 Ohm/mile
RO=2.74 Ohm/mile X0=0.197 Ohm/mile

With the cable length of 500, it is possible to obtain:

R1=0.113*500/4970= 0.0114 Ohm X1=0.122*500/4970= 0.0123 Ohm
RO=2.74*500/4970= 0.2757 Ohm X0=0.197*500/4970= 0.0198 Ohm

Branch from Bus 11 to 12

This branch starts from the primary side busbar of the transformer in the
warehouse and ends at the panel that connects with the cable that reaches the ceiling. We
have three conductors in the same duct and the loads are the air conditioning and light
systems of the warehouse, for a combined 70KW value. With an expected worse power

factor of 0.85, we obtain % = 82.3 KVA. Each phase must deliver &33 =274 KVA
27.4 '

and carry 70.43)
)

we obtain the following data:

=99 A. From Table 10, we need cable size AWG 2. From Table 11,

R1=0.987 Ohm/mile X1=0.165 Ohm/mile
R0=6.99 Ohm/mile X0=0.273 Ohm/mile

The length of this span is 50 ft, therefore the data is:

R1=0.987*50/4970=0.0099 Ohm X1=0.0017 Ohm
R0=0.0703 Ohm X0=0.0027 Ohm
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Branch from Bus 12 to Ceiling

This branch provides power to the elevator machinery that is located at the ceiling of the

warehouse. The load for the elevator is 30KW and with a worse power factor of 0.8 we

obtain % = 37.5 KVA. Each phase must supply 12.5KVA and carry 125 =45 A.

(0.48)
J3

From Table 10, we need cable size AWG 8. From Table 7, when we have three

conductors in the same duct we obtain:

R=0.07275 Ohm/100ft X=0.00389 Ohm/100ft
Since the length of this branch is of 100 ft, the data is:
R=0.07275 Ohm X=0.00389 Ohm

Branch from Bus 11 to 13

This branch connects the primary side busbar of the transformer in the warehouse to the
panel in the office where cables for first and second floor split. This branch provides
480V service to the AC system of the office. Total load is 30 KW but expansion needs
require this cable to be able to deliver 40KV A. Each phase must supply 13.3KVA and

carry 133 =48 A . From Table 10, we need cable size AWG 8. From Table 7, looking

&

at the table relevant to the three conductors belted we obtain the following data:

R=0.07275 Ohm/100ft X=0.00389 Ohm/100ft

The length of this branch is of 100ft, and the data is:

R=0.07275 Ohm X=0.00389 Ohm
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Branch from Bus 13 to First Floor 480V Office Loads
This branch starts from the panel and reaches the AC system for the first floor.

Total load is 15 KW, expansion plans require the cable to be able to supply 30KVA. Each

phase must deliver 10KV A and carry ﬁ =36 A . From Table 10, we need a cable

V3
size AWG 8. From Table 7, with three conductors in the same duct, we have:

R=0.07275 Ohm/100ft X=0.00468 Ohm/100ft
This branch has to reach the office floors and is long 200 ft. The data is:
R=0.07275%2=0.1455 Ohm  X=0.0094 Ohm

Branch from Bus 13 to Second Floor 480V Office Loads

This branch has identical requirements of the previous branch, but its length is 30 ft
longer to be able to reach the second floor. Total length for this branch is 230 ft, and data
is:

R=0.07275%2.3=0.1673 Ohm X=0.0108 Ohm
240/208/120V System

Branch from Bus 9 to 10

This branch starts from the secondary bus of the 240V transformer and reaches the cabin
where the cables that feed first and second floor split. The loads fed in this branch are
light systems and other factory processes for a total of 70 KW. The conservative value for
the overall apparent power requirement is 100KVA. Each phase must deliver 33KVA and

carry ——~ = . From Table 10, we need cable size . From Table 11, we
y 03234 238 A.F Table 10 d cable size MCM 250. F Table 11
")

obtain the following data:
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R1=0.263 Ohm/mile =~ X1=0.129 Ohm/mile
R0=4.46 Ohm/mile X0=0.224 Ohm/mile

The length of the cable is of 50ft, therefore the data is:

R1=0.263*50/4970=0.0026 Ohm  X1=0.129*50/4970=0.0013 Ohm
R0=4.46*50/4970 =0.0449 Ohm  X0=0.224*50/4970= 0.0023 Ohm

Branch from Bus 10 to First Floor 240/208/120V Loads

The loads in this floor need voltage levels of 240, 120, 208V. For this purpose, each
conductor is carried along in its own conduit. The first floor loads amount to 35KW, and
the apparent power requirement is set to S0KVA. Each phase must deliver 16.6KVA and

=119 A. From Table 10, we need cable size AWG 1. From Table 11, we

Y1024
o3

obtain:
R1=0.786 Ohm/mile X1=0.155 Ohm/mile
RO= 6.07 Ohm/mile X0=0.256 Ohm/mile

This branch must reach the whole floor, and its length is 350 ft. The data is:

R1=0.786%350/4970= 0.0554 Ohm X1=0.155*350/4970=0.0109 Ohm
RO= 6.07*%350/4970=0.4275 Ohm X0=0.256*350/4970= 0.0180 Ohm

Branch from Bus 10 to Second Floor 240/208/120V Loads

This branch is identical to the previous. The only change is in the length of the cable to
allow reaching the second floor. The length of this branch is of 380 ft. The data is:

29



R1=0.786%380/4970= 0.0601 Ohm X1=0.155*380/4970=0.0119 Ohm
RO=6.07*%380/4970=0.4641 Ohm X0=0.256*380/4970= 0.0196 Ohm

Branch from Bus 14 to Warehouse Lights

This branch connects the low side busbar of the transformer in the warehouse to the
ceiling of the warehouse, where the light system is located. The only load are the lights,
and the voltage is 208V. The load is meant to be connected on a single phase basis,
therefore there will be one single conductor per conduit. The power needed for the lights

i1s 30KW and with a maximum power factor of 0.78 we obtain % = 38.4 KVA. Each

phase must be able to supply 12.8KVA and carry ﬁ =106 A. From Table 10, we

J3

need a cable size AWG 2. From Table 11, we have:

R1=0.987 Ohm/mile X1=0.165 Ohm/mile
R0=6.99 Ohm/mile X0=0.273 Ohm/mile

This branch is long 200 ft, hence the data is:

R1=0.987*200/4970=0.0397 Ohm X1=0.165*200/4970=0.0066 Ohm
R0=6.99%200/4970= 0.2813 Ohm X0=0.273*200/4970= 0.0110 Ohm

Branch from Bus 14 to 15

This branch connects the secondary busbar of the transformer in the warehouse with the
208V panel in the office building. From this panel , cables will be directed to the two
floors and the perimetral lights. The overall load for this branch is 120KW and the
estimated worse power factor of 0.9 translates the requirement for the apparent power to
133KVA. The cable is sized to take care of future administrative needs of the office and

rated for I50KVA. Each phase must deliver S0KVA and carry % =416 A. From
)

Table10, we need cable size MCM 600. From Table 11, we obtain the following data:
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R1=0.113 Ohm/mile =~ X1=0.122 Ohm/mile
R0=2.74 Ohm/mile X0=0.197 Ohm/mile

The length of this branch spanning from the warehouse to the office is 100ft, and the data
is:

R1=0.113*100/4970=0.0023 Ohm  X1=0.122*100/4970= 0.0025 Ohm
R0=2.74*100/4970=0.0551 Ohm  X0=0.197*100/4970= 0.00400hm

Branch from Bus 15 to First Floor Office Loads 208V

This floor has a mix of lights and computer related loads. The overall demand is 55 KW
and it is mainly at 120V, which means that cables will run singularly inside each duct due
to the single phase nature of the loads. With the extra quota considered, the apparent

quota requirement for this floor is 70KVA. Each phase must deliver 23.3KVA and carry

ﬂ =194 A. From Table 10, we need cable size AWG 3/0. From Table 11, with one

)

conductor per conduit, we have:

R1=0.392 Ohm/mile X1=0.134 Ohm/mile
R0=5.46 Ohm/mile X0=0.241 Ohm/mile

The total length of this branch is 150 ft. Data is:

R1=0.392*150/4970=0.0118 Ohm X1=0.134*150/4970= 0.0040 Ohm
R0=5.46*150/4970= 0.1648 Ohm X0=0.241*150/4970= 0.0073 Ohm

Branch from Bus 15 to Second Floor Office Loads 208V

This branch is identical to the previous, with the only difference being that this cable is
30ft longer because has to reach the second floor. The new length is 180ft and data is:
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R1=0.392*180/4970=0.0142 Ohm X1=0.134*180/4970= 0.0049 Ohm
R0=5.46*180/4970=0.1977 Ohm X0=0.241*180/4970= 0.0087 Ohm

Branch from Bus 15 to Perimeter Lights

This branch provides power to the lights in the parking lots and around the perimeter of
the industrial plant. Load is single phase, therefore the cable is run singularly for each
conduit. The length is considered to be of 2001t to the first light, then there are 4 sub-
branches of 100ft each. At the end of each sub-branch there is a light. The power
requirements for this cable are 10KW, and with a power factor of 0.9 we have an

apparent rating of % =11.1 KVA. Each phase must deliver 3.7KVA and carry
3.7 '

(0.208)
V3

conductor per conduit, we have:

=31 A . From Table 10, we need cable size AWG 8. From Table 7, with one

R=0.07275 Ohm/100ft X=0.00468 Ohm/100ft

For the first part, 200ft long, we have the data:

R=0.07275%2=0.1455 Ohm X=0.0094 Ohm

For each of the sub-branches of 100ft in length we have the data:

R=0.07275 Ohm X=0.00468 Ohm

3.3 Loads

The following section describes the loads in detail: each load is defined by where it is
located, what ratings it has and by the connections with the distribution system. Every
load has its own model and a brief explanation describes how to obtain the electrical
parameters for all loads in the plant.
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Induction Motors

There are 10 Induction Motors in the whole plant, all located in the factory. Each IM has
SOKW rating. Nine motors will be represented with a series equivalent impedance
model, and the tenth will be fully modeled. This machine is the last one on the first floor
and will be represented by an induction motor mechanically coupled with a load. The
torque of this load will be modeled in detail to be able to capture dynamics.

To find the parameters of the induction machines, we use the guidelines of [3]. The data
required to begin the calculations are terminal voltage, active power and the pole pairs of
the machine. In this case we assume that each machine has four poles. Our goal is to
obtain the six parameters that fully define the single phase equivalent circuit of an
induction machine as represented in Figure 7.

eq

Figure 7. Single Phase Diagram of an Induction Machine

Resistances 7, and r, are respectively the stator and rotor winding resistance, while s is
the slip at which the machine is operating. Different slips correspond to different
mechanical powers delivered to the shaft. A slip of zero corresponds to the shaft rotating
at the speed of the magnetic field, while a slip of one corresponds to a still shaft.
Reactances x, and x, represent the leakage part of the flux in the machine, respectively
on the stator and on the rotor windings. Reactance x,, represents the magnetizing

inductance, responsible for creating the main magnetic field of the machine.

When expressed in per unit of the machine, due to design constraints, the leakage
inductance is always about 0.2 in per unit, traditionally split in equal amounts on the rotor
and stator circuits. Therefore:
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x,=0.1pu
x,=0.1pu

To obtain the values for the resistance terms, it is necessary to calculate the pole pitch
term, quantity that can be known once the ratings of the machine are converted to
horsepower. Since 1Hp=768W, then our machines are rated for 65 Hp. Remembering that
P=4, then the pole pitch results from:

Now it is possible calculate the resistive terms as:

5, =0.0033 (7,)"
r, =0.004 (7,)"

The numerical values for the resistances are expressed in pu of the machine ratings.
Figure 8 shows the values of the resistances versus the machine size.
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Figure 8. Per Unit Values of Resistance Versus Machine Size

Therefore we have that:
1, =0.0168 pu
r, =0.0203 pu

The value for the magnetizing inductance can be found with a similar process, involving
the pole pitch previously calculated:

Figure 9 shows the plot of magnetizing inductance versus the size of the machine, and it
results that:

x, =3.13 pu
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Figure 9. Per Unit Magnetizing Inductance Versus Machine Size

We need to convert these per unit values in actual units of Ohms, operation that we can
do by defining the base of the machine as:

V, =480 V
S, =50 KW

2
7, -Y5 _4608 0

B

Notice that the base power is taken to be the three phase active power rating of the
machine, rather than the apparent power. This convention is used following the
guidelines that brought to the formulas to calculate the values of the parameters in per
unit. It is possible to find the values of the parameters in actual units as:

x, = 0.4608 Q
x, = 0.4608 Q
r=0.0773 Q
r, = 0.0938 Q
x = 1444 Q
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We now have five out of the six parameters that fully describe the induction machine as
represented in Figure 7: we still miss the numerical value of the slip. This value depends
on the operating point of the machine. The equivalent impedance of the circuit as seen
from the terminals is given by:

. r2
.]xm T xmx2

Z,=h+jx+

. I . .
JX //(_2 + ]xz)} =h+jx +
S

L;+ j('xm + x2)

The power at the terminals is:

2
P =Re Vo
Z,

Figure 10 shows the plot of the active power as a function of the slip: there are two
solutions for the slip when a power of 50 KW is demanded at the terminals, but induction
machine theory says that the only stable operating point is on the right side of the
maximum reached by the characteristic. Figure 11 shows the magnification of this part of
the curve, allowing for the identification of the value of the slip as the machine is
outputting rated power.
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Figure 10. Active Power at the Terminals Versus the Slip.

37



go T

|jtermin:als

B0 -

pterminals = 50 K

20r

10F

s =0.023

D 1 1 1 1 1 1 1 1 1 1
005 0045 004 0035 003 0026 002 0015 001 0005 0
Slip

Figure 11. Identification of Slip at Rated Power

The value of the slip is: s = 0.023. Now we can convert the circuit of Figure 7 to the
equivalent circuit represented in Figure 12.

o

5 7

Figure 12. Equivalent Circuit of the Induction Machine.

In numerical terms it is possible to find the equivalent terms as:

r,=Re{z,}=36391Q

eq

x,, =Im{Z,}=18812 Q

eq
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The resulting power factor of the induction machine represented by these parameters is
given by:

cos((p) = cos[tan‘l(ﬁ)] =0.888

Teg
Now it is possible to find:
Q = P tan(phi)= 50 tan(arcos(0.888))=25.9 KVAR

The machines are fed from a 480V busbar, therefore the parallel conductance and
susceptance is:

Gy = % =0.217 Ohm", By, = % = 0.1124 Ohm’

To better reflect the IM design, we represent it with a delta configuration rather than a
wye connection as it is now. Indeed, a delta configuration guarantees that no ground path
is given from this terminal, which is what happens with IM.

The equivalent conductance and susceptance when connected in delta is:

G, = G;’V =0.0723 Ohm™
BLN -1
B, = 3= 0.0375 Ohm

The magnitude of the admittance is: Y, = G, + B, = 0.0066 Ohm™. Then, the parallel

resistance and reactance connected at delta are:

= G—? =10.9 Ohm, = B—? =5.64 Ohm
Y,
D D
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AC Systems

We have three AC systems in the plant: one per each building. Size of the AC system is

tailored to the needs of the particular environment. In the factory there are two units of
30KW each, one per floor. There is a centralized AC system of 40KW for the larger
warehouse. Then there is a smaller system of two conditioners of 15KW, one per each
floor in the office building. The AC system is intended to be connected to the 480V

system, though using a 280V supply, since the load is connected line to ground. The load

is three phase, each of the phases with the same amount of load. The connection is wye,

without a grounding for the center of the star. To represent the conditioners with a series

equivalent impedance, we only need to specify a representative power angle. For this
kind of load it is safe to assume a 0.95 power factor. The impedances for the different

kind of AC systems are:

30KW in factory:
Q = P tan(pf) = 30 tan(acos(0.95)) =9.8 KVAR

G =%=0.1302 Ohm™, B=Vg=0.0425 Ohm’

2

Y>=G*+ B*=0.0188 Ohm™

G B

R =— =6.9395 Ohm, X =—=2.2669 Ohm
Y Y

40KW in warehouse:
Q = P tan(pf) = 40 tan(acos(0.95)) =13.1 KVAR

G =%=0.1736 Ohm™, B=Vg=0.0569 Ohm’

2

Y’ =G? + B*=0.0334 Ohm™

R=C _52020mm,  X=—2. -17037 Ohm
Y Y

15KW in office:
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Q = P tan(pf) =15 tan(acos(0.95)) = 4.9 KVAR

G=%=0.0651 Ohm™, B=Vg=0.0213 Ohm’

2

Y’ =G? + B> =0.0047 Ohm™

G B

R= v 13.879 Ohm, X= e 4.5338 Ohm

Elevators

Elevators are present in all the environments where lifting heavy materials from different
floors is routine. The factory has two set of elevators, while the warehouse has only one.
The size of the elevator is the same for all of them and is of 30KW. Elevators always
operate at 480V and are synchronous machines that are responsible to lift the cabin as
demanded. These machines are wye-connected with a floating center, that is, no
grounding is provided at the center of the star. This is to reflect asynchronous machine
design, with coils connected at wye, but with no direct path to ground. Therefore they can
be represented by a series equivalent impedance model. Synchronous machines can be
internally compensated to a nearly unitary power factor. Here, we assume a power angle
of 0.97 for the elevators:

Q = P tan(pf) = 30 tan(acos(0.97)) = 7.5 KVAR

G= % =0.1302 Ohm”, B-= Vg 0.0326 Ohm''

2 —_—
Y>=G?+ B*=0.018 Ohm™

G B

R= v 7.2282 Ohm, X = y2 - 1.8071 Ohm

Lights

Each environment has its own light system: there are four different kind of lights. In the
factory each floor has 15KW, the warehouse has 30KW and the office has 5 KW per
floor. Then there are the perimetral lights all around the buildings and the parking lot.
The external lights account for a load of I0KW: external illumination is given by the sum
of 5 lights of 2KW each. Lights are very well internally compensated and have a power
factor of 0.98, their connection to the supply is always single phase, line to neutral. The
level of voltage for the lights is always 120V obtained with the line to neutral connection.
The equivalent series circuit, supplied at 208V is:
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15KW in factory:
Q = P tan(pf) = 15 tan(acos(0.98)) = 3 KVAR

G= 32 =0.3467 Ohm”, B-= % =0.013 Ohm'
\Y \Y

Y? = G* + B* =0.1204 Ohm™

= Ez =2.8802 Ohm, X = Ez =0.1082 Ohm
Y Y

30KW in warehouse:
Q = P tan(pf) = 30 tan(acos(0.98)) = 6.1 KVAR

2

G=£2=0.6934 Ohm™, B=g=0.141 Ohm’
\Y% \Y%

Y? =G?*+ B*=0.5007 Ohm™

G B

R= v 1.3849 Ohm, X = ¥~ 0.2816 Ohm

SKW in office:
Q = P tan(pf) = 5 tan(acos(0.95)) =1 KVAR

G=%=0.1156 Ohm™, B=g=0.0231 Ohm’

V2
Y?>=G*+ B*=0.0139 Ohm™

R=%=8.32 Ohm, X=%=1.664 Ohm

2KW around the perimeter:
Q = P tan(pf) =10 tan(acos(0.95)) = 0.4 KVAR

G= % =0.0462 Ohm', B= % =0.0092 Ohm"
Y? =G* + B*=0.0022 Ohm™

R=%=20.8 Ohm, X=%=4.16 Ohm
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Computers

Computers are only located in the office building, equally distributed on both floors.
Each floor has a load of SOKW related to computers, such as monitors, printers, fax-
machines etc. Computers are connected to the 208V line to neutral to obtain a utilization
voltage of 120V and are single phase loads. The computer loads are evenly distributed on
the three phases. Assuming a power factor of 0.96 for the computers, then we have that
the equivalent series impedance is:

Q = P tan(pf) = 50 tan(acos(0.96)) =14.5 KVAR

G=%=1.1557 Ohm™, B=g=0.3352 Ohm’

V2
Y? =G? + B> =1.448 Ohm™

G B

R= v 0.7982 Ohm, X= y? 0.2315 Ohm

Factory Process

This is the load that represents the process that the factory is using. Mainly there are three
phase and single phase rectifying bridges, to represent ASD’s. This load amounts to
30KW per floor at the voltage levels of 480V and 280V. It totals 20K'W per floor at the
voltage levels of 240V, 208V, 120V. The simplest model to capture the behavior of the
rectifying bridge is a R-L load. Assuming a power factor of 0.95, then at the voltage level
of 480V (utilization voltage 280V L-n) the impedance is:

Q = P tan(pf) = 30 tan(acos(0.95)) =9.8 KVAR

G= % =0.1302 Ohm”, B-= Vg 0.0425 Ohm''

2 —_—
Y?>=G?+ B*=0.0188 Ohm™

G B

R =— =6.9395 Ohm, X =—=2.2669 Ohm
Y Y

At the voltage level of 208V (utilization voltage 120V L-n) the impedance is:

43



Q = P tan(pf) = 20 tan(acos(0.95)) = 6.5 KVAR

2

G =%=0.4623 Ohm™, B=V2=O.1502 Ohm’

Y’ =G? + B*=0.2363 Ohm™

G B

R= v 1.9565 Ohm, X = v 0.6359 Ohm

Capacitors

Capacitors are installed at the end of the 480V branches that feed the induction machines.
They are on the same bus where the last motor is located. They are wye connected to the
ground. The goal is to compensate for the quota of reactive power adsorbed by the
heavily inductive machinery. The compensation level is chosen to be 80 per cent. The
total amount of reactive power adsorbed per each floor by the induction machines is:

Q=5Q_mm=35 Ptan(pf) =5 * 50 * tan(arcos(0.888))=129.5 KVAR

The capacitors must be able to compensate for:

Q_c=0.8 Q=103 KVAR

The amount of capacitive reactance needed is therefore:

V2
X _c= E =2.2246 Ohm

Neighboring Plant

Not too far away, connected to the main 120KV grid, there is another industrial plant,
with a 2MVA rating. The neighboring plant is introduced to capture the effects of short
circuits in some electrical vicinity of the plant under study, in particular investigate how
the sequence currents propagate from the neighbor plant to the industrial site under study.
The power angle of the neighbor plant is 0.98.
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Q = P tan(pf) = 2000 tan(acos(0.98)) = 400 KVAR

G=L _138 *10* Ohm', B=-2-2.82%10° Ohm'
v v
Y2 =G?+B*=2.0086%10" Ohm>

R=C _69149 Ohm, X = -1404.1 Ohm
Y Y

3.4 Micro-Sources

There are two basic classes of micro-source system; one is a DC source, such as fuel
cells, photovoltaics, and battery storage, the other is a high frequency ac source such as
the micro-turbine, which is then rectified. In both cases the DC source needs to be
interfaced to the AC network using a voltage source inverter. The time constants of
changes in power output for the micro-turbines and fuel cell range from 10 to 200
seconds. This slow response requires that the DC bus has adequate storage to insure fast
response. For all systems studied it is assumed that there is a battery on the DC bus
coupled to the AC system through an inverter as shown in Figure 13.

Micro-
Source

i
T

Figure 13. Interface Inverter System

As a minimum the inverter needs to control the flow of real and reactive power (P & Q)
between the microsource and the power system. The P & Q are coupled with P
predominantly dependent on the power angle, o, while Q is dependent on the magnitude
of the converter's output voltage, V. It is also possible to independently control P and
voltage E. The equations below indicate that for small values of §,and small difference
in V and E, the real power P is proportional to d,and the reactive power Q depends on

voltage difference.
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3VE

P=781nap

3V
Q=7(V—Ecos6p)
6,=0, -0,

Choice of Inductance

The inductance between the inverter terminals and the network must be carefully sized in
order to be able to deliver the required amount of active and reactive power, without
reaching instability. The condition of instability is reached whenever the angle

0,between the two voltages approaches 90 degrees. It is common to design such inductor
so that the ratings of the source can be delivered while never exceeding 30 degrees. This
condition insures a desired property of all controllers: linearity. This is due to the fact that
the sin function behaves almost linearly in the range [0, J'L’/6].

If we assume that the inverter voltage magnitude, V can range from 0.6 to 1.2 pu,

operating at 6, . =30 degrees and with the network voltage of 480V, then we have that

max

the active and reactive power injected into the network are as shown in Figure 14.
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Figure 14. P & Q Injected into the Network, Spanning X.
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The above picture spans the values of the reactance from 0.1 to 0.5 pu. Given that the
largest cluster of units has an overall rating of 300KW, we have to insure that is it
possible to deliver this amount of power with some margin. The value X=0.15 pu seems
to fit the needs. It is also useful to look at the deliverable powers when locking this
desired value for the reactance to 0.15 pu and spanning the value of 6., from O to 30

degrees.

Figure 15 shows the resulting map in the power plane. Each operating point (i.e. each pair
of P and Q) can be reached reading the corresponding voltage magnitude and angle
difference that has to be applied. The points outside the map are not reachable without
exceeding the voltage or angle constraints. The darker points in both Figures 14 and 15
represent the same points, indeed they are reached with X=0.15 pu, 8, =30 degrees and

with V spanning from 0.6 to 1.2 pu.
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Figure 15. P & Q Injected into the Network, Spanning 6, .

Control Details

The inverters that supply power to an AC system in a distributed environment should
have controls that are only based on information available locally at the inverter. In a
system with many micro-sources, communication of information between units is
impractical. Communication of information may be used to enhance system
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performance, but must not be critical for system operation. Essentially, this implies that
the inverter control should be based on terminal quantities.

It is essential to have good control of the power angle and the voltage level by means of
the inverter. Control of the inverter's frequency dynamically controls the power angle,
and the flow of the real power. To prevent overloading the inverter and the micro
sources, it is important to ensure that load changes are taken up by the inverter in a
predetermined manner, without communication.

From machine control theory [4], it results that it is much more stable to control the flux
of the voltage, rather than the actual voltage. This continuos quantity is the time-integral
of the inverter output voltage, often called the inverter flux vector v, :

wv(t)=wv(r0)+£}/dr

The real power and the feeder voltage E are assumed to be the controlled quantities.
Given set points for these quantities, P, and E_, the inverter is controlled using the time-
integral of the d-q space vector. Input phase voltages are transformed to the stationary d-
q reference frame. The resulting d-q components are time integrated, resulting in the flux
vector, , for the AC system voltage. The control system for the inverter is given in
Figure 16. The two variables that are controlled directly by the inverter are the magnitude
and phase of the flux ,. The vector  , is controlled so as to have a specified
magnitude and a specified position relative to the AC system flux vector ,.This control
forms the innermost control loop, and is very fast. The AC system voltage space vector is
obtained from instantaneous voltage measurements and is available locally.
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Figurel6. Detailed Inverter Control Scheme

The ideal model uses stiff sinusoidal voltage sources to represent the voltage generated
by the inverter. This allows for faster computer simulation, since all the details of the
matrix of switches and its firing scheme based on the choice of the switching vector does
not need to be implemented. Multimachine cases can be studied easily in this case.
Voltage flux magnitude is converted to voltage magnitude with a multiplication by w_,

while the angle difference is converted to angle of inverter source by adding it with the
AC side angle, 6,.

In this case we have that the three phases voltages are:
V,, =|V|cos(wrt + 8,,)
2
V, = |V|cos(wt + 9,, - ?)

V. =|V|cos(wrt + 6, + 2?”)

Controls for Island Operation

During islanding operation, the unit has always the task to sustain the voltage, but also to
provide the extra active power that the grid cannot give anymore. Requirements of the
power electronics interface are:
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- Provide fixed power and local voltage regulation
- Provide for fast load tracking using storage
- Incorporate “frequency droop” methods to insure load sharing between micro-sources in

island operation without communications

The basic principle that lets the machines communicate without an explicit network that
links them, is to allow the frequency at the inverter’s terminal to change as a function of
power demand. When two points in the network are operating at different frequencies
there is an increase of active power delivery from the place at higher frequency to the
location at lower frequency. As this happens, the two frequencies tend to drift towards a
common central value and the new steady state is reached at a lower frequency than the
system had when grid was connected. The basic equation that allows the droop to work
is:

*
o, (1) = g =m (P, ; = P(1) Eq. 1

Figure 17 shows the details for the droop governor. This governor [5] has two important
characteristics: first it allows to maintain any desired value of power when the AC grid is
connected, second, it slowly brings up the frequency near the customary  , value after

the droop regulation has taken place.

While power dispatchment takes place in a time scale of fraction of seconds, the
frequency restoration may take tens of seconds to reach its goal. The zero error condition
in the integrator input block gives the steady state frequency that one can obtain. As the
droop regulation may decrease the frequency of some fractions of Hz, the integrator
block will make sure that at steady state the deviation from nominal frequency is very
small.
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Figure 17. Power with Frequency Droop

Traditionally, the value of m was constant, and chosen in such a way that every machine
will pick up the extra quota of power proportionally to its own rating. Larger machines
will inject more power regardless their operating point before the islanding. Our control
behaves differently, since new power is given in such a way to cancel the power flow on
some key branches of the network. This means that local demand is met by local
generation, and there will be no flow of power in the transformers and in the cable that
connects the factory with the warehouse and office. This goal is pursued to lower
transmission losses in the system.

As a consequence of this choice, the coefficient m results dependent on the local setpoint
before islanding, F,,, and on the new setpoint, to be reached after the grid has failed, A;:
— (1)0 ~ Wi

m. Eq. 2
! PO,i_Pl,i 1

Figure 18 gives the characteristic of the droop regulation when only two machines are
present. Machine 2 operates at higher output, than unit 1. As the system enters island
mode, the frequency will reduce. With the full load of the system, the new frequency will

be w, . , while if with a lighter load, the new frequency will be somewhere in between w,

min *

and w_, .The slower frequency restoration loop will rigidly translate the characteristics

upwards, until o, = w,.
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Figure 18. P-w Droop Characteristic

It is very important that the power stays constant at the new dispatched level during the
frequency restoration phase. The droop power control results in a single new steady state
point with a lower frequency w, at ¢ = ¢, along with a set of different power levels P(t,)
for each power source. A control loop is used to uniformly bring the island systems
frequency near to w, while holding the power levels of each source fixed at P(#). The
rate of changes of frequency for each source must also be held equal to insure fixed
power angles between sources. This basic condition implies:

B R ARV Eq. 3
ar / 1

From Eq. 1, assuming P.(¢)is constant for ¢ = ¢, the rate of change of speed is:

do. ch ;
by G
o ml. 4 Eq. 4

Assuming again that P.(7)is constant for ¢ = ¢, then forz = ¢, it is possible to write:
a)l-(tl)—wi(t)=mi(PC’i(t1)—Pc’i(t)) Eq. 5
Since the frequency restoration loop is much slower than the droop controller, it can be
assumed that:

Pc,i(tl) ~ PO,i Eq. 6

From the integral block of Figure 9 we can write:

chi
7=k ; (wo_wi)+ki(PO,i_Pc,i) Eq.7

Substitution of Eq. 4,5,6 and 7 yields:
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do. k',

1l __ " - _r -
ml.k ; (a)o a)l.)+ - (a)l. a)l) Eq. 8

dt
1

We want the r.h.s. of Eq. 8 to be equal for all sources or the terms m ", and k', /m, must
be equal for all sources. This implies that gains k', and k",are dependent on the set-point
P, and P, of each system, Figure 18. If a machine changes its set-point, it doesn’t need

to communicate to the other machines for this procedure to be successful.

4. System Analysis

The analysis of the performance of the micro-sources in the industrial site is aimed at
both steady state and dynamic aspects. Transient analysis is fundamental for
understanding the dynamics of the events after a perturbation in the system, and steady
state analysis is important for quantifying operating points with performance indexes
such as overall losses, voltage levels and the ratings needed by the units to operate at this
point. The tools used to carry the steady state and transient analysis will be described
first, and then the results from both analysis will be displayed and commented.

Steady State Analysis

Steady state analysis is the fundamental tool to begin the study of the system. Voltage
profiles and power flows can give insights on where to install the DR’s and what ratings
these units should have. The units will need to have a combined rating to be able to
supply all the loads while in island mode. These loads are all of the plant loads besides
the non critical loads. During grid connection they are required to provide part of the
active power demand and regulate voltages.

The power flow problem is formulated by assigning a number to each of the buses of the
system: there are a total of 43 buses. There is a set of significative branches that are
indicative of the system behavior: they are mainly the cables that distribute the power
along the plant, avoiding the details of the sub-sections that feed separate loads. The
system overall losses are evaluated from the transformer T1 down to the rest of the
distribution in the industrial site. The losses in the 120KV network are not included in the
number reported with the results. There are four locations where DR are installed and
each one has more than one unit. We have clusters of micro-sources because of the high
power demand of the plant versus the small typical rating of the units. In this report we
assume that we are operating with micro-sources that have 75KW rating of active power.
The size of clusters are arranged as shown in Table 12.
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Bus Number Micro-Sources in Cluster Total Available Power
[KW]
16 4 300
22 4 300
8 3 225
11 2 150

Table 12. Available Power at Each Cluster Location.

The large clusters of 300KW (bus 16 and 22) are located at the first and second
floor of the factory and help feeding the induction machine power demand. The cluster in
bus 8 is located at the secondary of the transformer T2, inside the factory. The two units
in bus 11 are located in the warehouse, on the high side of the transformer located in the
same building.

Distributed Resources can control the active power injection and the local bus voltage
magnitude, and the decision on the setpoints can affect other quantities, such as network
overall losses and unit ratings in terms of KVA. The total available KW must be enough
to power the critical load in island mode, with some level of redundancy.

Analysis Tool

The mathematical tool used to perform the steady state analysis of the electrical
system is the power flow. It is a very know technique in power system analysis [6], and a
brief outline of its basic principle will be given here.

For each bus of the network we can associate 4 parameters that are:
- Voltage magnitude
- Angle of the voltage
- Active power injected into this bus from outside the network
- Reactive power injected into this bus from outside the network.

If we have a network with n buses, then we have 4n independent variables that fully
describe it.
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Kirchoff’s laws demand that the powers injected into a bus always sum up to
zero. Therefore, by summing the power injected from the network and from outside the
network on each bus it is possible to write two real equations per bus, respectively one
for the active and reactive power. With an n buses system, we would have 2n overall
equations: below the two equations relative to a generic bus are reported:

r r.r
Epnet,i + Pext,i =0 where : Epnet,i =Re E(VI - Vj )Yl]
Jj ranging over
all adjacent buses
r r.r
E Qnet,i + Qexr,i = 0 Where : 2 Qnet,i = Im E (Vl - Vj )Ylj

Jj ranging over
all adjacent buses

If for each bus of the network we specify two of the describing parameters (i.e. V, 9,

P, ..0,.,), then the system can be solved with a unique solution. Indeed, in a system of n
buses we would have 4n-2n=2n unknowns, related by 2n equations. Buses are usually
divided in three main categories:

* Slack Generation Bus: V and angle 0 are specified
* Load Buses: external P and Q (negative) injections are specified
* Remaining Generation Buses: P injected and V are specified

Only one generator can be classified as slack to fulfill the requirement of a reference for
the angles. Indeed, all the angles are measured relative to this reference value. There can
be as many load or generation buses as one desires. The system of equations is solved
using Newton-Raphson iterative method implemented using MATLAB [7].

Transient Analysis

Transient analysis is important because it gives the response of the system during
changes from one steady state to another. Events of great importance are the units going
on service, starting injecting power and regulating voltage. Another important event that
has to be studied is when the connection to the grid fails and the units have to provide the
full amount of power to the critical loads. The micro-sources are interfaced with the
network by means of a power electronics inverter. In general, there is a DC voltage
source which must be converted to an AC voltage or current source at the required
frequency, magnitude and phase angle. In most cases the conversion will be performed
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using a voltage source converter with a possibility of phase width modulation to provide
fast control of voltage magnitude. This creates a very different situation when compared
to synchronous generators. Fundamental frequency in a converter is created using an
internal clock which does not change as the system is loaded.

Power electronic interfaces introduces new control issues and new possibilities. A system
with clusters of micro-generators and storage could be designed to operate in both an
island mode and as a satellite system connected to the power grid. In such systems load
swings become a major issue. A step load will affect the system. In the case of a power
electronics based source the DC bus voltage will decrease in response to the added load.
Micro-turbines and fuel-cells have regulators which use the decrease in DC voltage to
increase their power output. Regulator response could be as slow as one to two minutes
requiring some form of storage during this period.

Basic system problems include the control of the power feeder from the grid, speed of
response of the micro-source, load sharing and tracking among the distributed resources,
reactive power flow and power factor control and steady state and transient stability.

To obtain time domain traces of electrical quantities for the industrial system under study
we use the EMTP software — ElectroMagnetic Transient Program [8]. The EMTP is able
to model the details of the network, along with the details of the controller for the micro-
sources. The voltage vector flux control as described in Section 3.4 is implemented, along
with the power-frequency droop and frequency restoration blocks.

System Without Micro-sources

This case is used as a benchmark to see what is the load flow and the voltage profile in
the current configuration of the industrial site, when no micro-sources are installed. The
voltages fall quite low in some point of the network and losses are quite high. Table 13
summarizes the results for this case. Notice that the voltages of the buses with number
larger than 29 have a magnitude that is lower than 0.94 per unit. That is a rather low
value for some loads to operate at, and would leave very little room for voltage sags.
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Bus Number

Voltage [pu]

Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]
Bus_k Bus_m
5 16 263.0509 +j 35.3397 0.87197 +j 1.1951
5 22 262.8038 + j 35.50649 1.0645 +j 1.4191
8 7 111.2814 +j 31.92453 0.23984 +j 0.079947
9 10 62.6376 + j 12.7065 0.26045 +j 0.13001
8 11 226.4448 +j 66.45747 2.9157 +j3.1454
11 12 63.6997 + j 18.679 0.20679 + j 0.035586
11 13 26.9941 + j 8.66442 0.27701 +j 0.014824
14 33 26.5869 +j 5.37867 0.74089 + 0.12321
14 15 106.0658 +j 29.80935 0.70864 +j 0.76991

Total losses = 36.9433 KW

Source

P [KW]

Q [KVAR]

S [KVA]

Flow from T1

946.7871

204.3681

DR at Bus 16

DR at Bus 22

DR at Bus 8

DR atBus 11

1 0.9978
2 0.9944
3 0.9825
4 0.9747
5 0.9726
7 0.9703
8 0.9724
9 0.9709
10 0.9666
11 0.9572
12 0.9542
13 0.9482
14 0.9546
15 0.9469
16 0.9689
22 0.9681
28 0.9480
29 0.9551
30 0.9236
31 0.9201
32 0.9452
33 0.9391
34 0.9378
35 0.9282
36 0.9316
37 0.9285

Table 13. Results Without the Micro-sources
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4.1 Micro-Source Power setpoints.

In this section we are examining the case when the control regulates the power injected
by the unit and the voltage at the local point of connection with the feeder to a desired
amount. To this end, the active power injected and the feeder voltage are measured and
passed back to the control loop. Figure 19 shows the diagram of this control: the
measures of power injected by the unit and voltage E are given to the governor that
regulates them to desired values. These values can be chosen independently from the
setpoints that a nearby cluster of unit may have.

: Rest of the
| System

F source? X

T ~nadc

Figure 19. Diagram of Independent Power Setpoints.

In this case we have no means of controlling the power that comes from the grid: we can
indirectly changing it by choosing different setpoints for the power of the unit, but we
can’t plan ahead the amount of power that is drawn from the AC system. With this
system of regulating the power, it is impossible to sign a contract with the utility agreeing
on a determined amount of power to be taken: the units can only control their power
output, without any notion of the power from the grid. The choice of power dispatched by
the units when the grid is connected is arbitrary and dependent on the choices of the
industry.

The system can operate in island mode because of the power-frequency droop control,
that will use the droop in frequency subsequent to the grid failure to regulate power
among the units. The frequency will be restored in a short time frame after the regulation
has taken place. The value of power injected by the unit during island mode can be
chosen on beforehand, based on considerations about losses. Figure 20 shows the power
frequency characteristics of two units, with the system transferring to island. First, there
is the regulation of power as the frequency drops (A and A’) and then the frequency is
slowly restored to the nominal value while maintaining the power at the new regulated
point (B and B’).
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Figure 20. Droop Characteristic with Frequency Recovery.

The units are operating with a desired point F,, that is locally chosen. The new operating
point for the power when in island, B, is chosen as to minimize the system losses. This

point is chosen before the islanding occurs, and is only an approximation to losses
minimization, the reason for this is because the load burden on the system at the time of
the islanding is not know when the F; setpoints are chosen, before the islanding occurs.

To be able to make a choice of power command, we suppose that the system is fully
loaded. During transferring to island the non sensitive loads will be dropped by the
system, while all of the sensitive loads are connected. The micro-sources will have to
inject all the requested power, since there is no more a connection with the grid.

Therefore, the sum of the power injected by the units must equal to the total load, plus the
system losses. These losses can be somewhat controlled by intelligently picking up the
desired amount of power generated by the units. To minimize losses it is important to
minimize the transfer of power from different feeders on the isolated micro-grid, and to
this end, we need to generate on the feeder the full amount of power required by the local
loads, i.e. the loads hanging off the feeder.

This justifies also the choice of number of units per cluster, as of Table 12. There are 4
units on each of the plant’s floor where the induction machines are located to make sure
that we could meet all the power request from the machines. The other clusters don’t
need to be so largely sized since the loads hanging off in the immediate vicinity are not
so large. The warehouse and the office have small loads when in island mode due to the
fact that there are many non sensitive loads in this part of the plant that are being shed.
That is why the cluster in the office is only of two units. The reason why the cluster on
bus 8 has three units is to allow for redundancy in the system in case of a loss of one of
the micro-sources anywhere in the isolated grid.
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Connected to the grid
Steady State Studies

In this case, we have four clusters of units at the buses 8,11, 16 and 22. Each one is
injecting power and the network provides the remaining quota of power to meet the rest
of the plant’s needs. The units are operating at about half of their nominal active power
output. Figure 21 shows the general view of the factory plant with the unit locations. All
loads are connected to the feeders and the connection with the grid is active.

120KV

1

T_n
3 «— % I-_ED_I:zosv
é 240V é v

Figure 21. Factory Diagram, showing Cluster Locations.

The units are not regulating at 1.00 per unit voltage because that would require too many
VARs. The overall VA ratings of the units appear to be reduced by allowing the voltage
in the warehouse to be regulated at 0.98 pu, while maintaining the requested voltage in all
other clusters at 0.99 pu.

If we requested all the units to regulate voltage at 0.99 pu we would notice that the unit
on Bus 11 needs lots of reactive power to hold its voltage. By allowing the regulated
voltage on Bus 11 to be just 1 percent in pu lower, that is 0.98 pu, then the needs for
reactive power are dramatically reduced. Table 14 summarizes the steady state results for
this case. The losses are dramatically reduced and the voltage profile greatly improved
when compared to Table 13. The voltage profile is also improved by locally controlling
the value of the voltages at the buses where the units are installed: now only two buses,
namely 30 and 31 are below or around 0.94 pu.
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For each of the units there is the corresponding injection of active and reactive power,

plus a third column, with the KV A rating needed to obtain this very point of operation.

The column with the rating is important because shows what are the requirements for the

micro-source as the unit operates at a certain operating point: it gives us a yardstick to

measure how demanding in terms of rating each point is.

Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]

Bus_k Bus_m
5 16 123.9277 — j 40.7859 0.20304 +j 0.27829
5 22 123.9871 —j 51.18487 0.26246 +j 0.34989
8 7 115.3511 +j 33.09207 0.24861 + j 0.082871
9 10 64.9283 +j 13.1712 0.26997 +j 0.13476
8 11 155.5926 +j 41.54142 1.3098 +j 1.413
11 12 66.7642 +j 19.5777 0.21673 +j0.037299
11 13 28.2928 +j 9.08125 0.29033 +j 0.015537
14 33 27.866 +j 5.63743 0.77654 +j 0.12914
14 15 111.1685 +j31.24344 0.74273 +j 0.80695

Total losses = 19.3535 KW

Source P [KW] Q [KVAR] S [KVA]

Flow from T1 489.3545 -113.3788 -

DR at Bus 16 150.0 76.7 168.4

DR at Bus 22 150.0 87.2 173.5

DR at Bus 8 100.0 1154 152.7

DR at Bus 11 80.0 26.2 84.2

Bus Number Voltage [pu]
1 0.9983
2 0.9990
3 0.9941
4 0.9901
5 0.9908
7 0.9878
8 0.9900
9 0.9885

10 0.9841
11 0.9800
12 0.9769
13 0.9707
14 0.9773
15 0.9694
16 0.9900
22 0.9900
28 0.9652
29 0.9724
30 0.9403
31 0.9368
32 0.9676
33 0.9614
34 0.9600
35 0.9503
36 0.9537
37 0.9506

Table 14. Steady state with full load.
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Reduced load: loss of computers

This case is aimed to see what is the new operating point of the system when all the
computer loads from the office building are turned off. The controller of the units
regulates the power of the units so that the injected amount stays constant as loads are
turned on or off. This implies that the remaining request of power is all met by the grid.
In this case, we have that the grid will reduce the amount of power injected due to the
computers being turned off.

Figure 22 shows the factory diagram for the case when the grid is connected and the
computers are missing. The remaining part of the load is there and the units are operating
at the same setpoint of the previous test.

120KV 1

13.8KV
480V
<+
16 s

Figure 22. Factory Diagram, without Computers, and with Grid.

Table 15 shows the steady state results of the system under the reduced load. Since the
computers are located in the office building the voltages at both floors (bus 36 and 37)
are improved and since the overall load is lower and smaller currents are required to
supply them, also the total losses of the system are reduced when compared to Table 14.
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Bus Number

Voltage [pu]

Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]

Bus_k Bus_m
5 16 123.9164 — j 26.97529 0.19176 +j 0.26283
5 22 123.9716 — j 39.57502 0.24692 +j 0.32917
8 7 115.3511 +j 33.09207 0.24861 +j 0.082871
9 10 64.9283 +j 13.1712 0.26997 +j 0.13476
8 11 62.72301 +j 127.3353 1.0176 +j 1.0978
11 12 66.7642 +j 19.5777 0.21673 +j 0.037299
11 13 28.2928 +j 9.08125 0.29033 +j 0.015537
14 33 27.9752 +j 5.65951 0.77958 +j 0.12965
14 15 18.6525 + j 3.68552 0.020057 +j 0.021791

Total losses = 14.3163 KW

Source P [KW] Q [KVAR] S [KVA]

Flow from T1 394.1965 -34.08861 -

DR at Bus 16 150.0 63.3 162.8

DR at Bus 22 150.0 75.6 167.9

DR at Bus 8 100.0 143.4 174.8

DR at Bus 11 80.0 -93.1 122.7

1 0.9983
2 0.9982
3 0.9939
4 0.9907
5 0.9910
7 0.9878
8 0.9900
9 0.9885
10 0.9841
11 0.9800
12 0.9769
13 0.9707
14 0.9792
15 0.9780
16 0.9900
22 0.9900
28 0.9652
29 0.9724
30 0.9403
31 0.9368
32 0.9676
33 0.9614
34 0.9600
35 0.9521
36 0.9766
37 0.9763

Table 15. Grid connection, without the computer
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Reduced load: loss of an Induction Machine

This test is aimed to study the system under reduced load, and is a very similar scenario
to the one carried on in the previous pages: here one induction machine is turned off
starting from the full load case. The machine, of 50KW rating, is on bus 21 and it is the
last machine of the first floor of the factory.

120KV

l

!

I 480Vé 5 ég 480V 11
|

—A = 208V

240V s v

Figure 23. Factory Diagram, without an Induction Machine, and with Grid.

Figure 23 shows the factory diagram, with the grid connection, the cluster of units and
the induction machine at the bus 21 that is lost: the rest of the load is still connected.

The steady state operating point is summarized in Table 16, where it is shown that the
cluster of units do not change their operating point in terms of active power injection or
regulated voltage magnitude.

It is possible to see that the voltages in proximity to the missing induction machine are
improved, and the total losses of the system are reduced. The single machine load is
lower than all the computers, so although losses are lower than in Table 14, they are
larger than in Table 15.
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Bus Number

Voltage [pu]

Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]

Bus_k Bus_m
5 16 75.2482 — j 8.58169 0.068428 + j 0.093789
5 22 123.9912 — j 53.84949 0.26659 +j 0.35539
8 7 115.3511 +j 33.09207 0.24861 +j 0.082871
9 10 64.9283 +j 13.1712 0.26997 +j 0.13476
8 11 155.5926 +j 41.54142 1.3098 +j 1.413
11 12 66.7642 +j 19.5777 0.21673 +j 0.037299
11 13 28.2928 +j 9.08125 0.29033 +j 0.015537
14 33 27.866 +j 5.63743 0.77654 +j 0.12914
14 15 111.1685 +j 31.24344 0.74273 +j 0.80695

Total losses = 17.7884 KW

Source P [KW] Q [KVAR] S [KVA]

Flow from T1 439.2489 -69.69356 -

DR at Bus 16 150.0 18.6 151.1

DR at Bus 22 150.0 89.9 174.8

DR at Bus 8 100.0 97.7 139.8

DR at Bus 11 80.0 26.2 84.1

1 0.9983
2 0.9985
3 0.9940
4 0.9904
5 0.9907
7 0.9878
8 0.9900
9 0.9885
10 0.9841
11 0.9800
12 0.9769
13 0.9707
14 0.9773
15 0.9694
16 0.9900
22 0.9900
28 0.9652
29 0.9724
30 0.9403
31 0.9368
32 0.9676
33 0.9614
34 0.9600
35 0.9503
36 0.9537
37 0.9506

Details of Dynamic Study

Table 16. Grid connection, without an induction machine

The units are originally off-line and turned on-line one cluster at a time. All the units

within the same cluster are supposed to be turned on at the same time. At t=0, all the units

are off line, they inject zero active and reactive power in the network. At t=1 sec the
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cluster at Bus 16 is brought on line, regulating injected power and voltage magnitude at
the desired values. Then 3 seconds apart from each other the clusters at Bus 22, 11 and 8
are brought on line. In Figure 24 it is possible to see that the powers match the steady
state desired points as of Table 14. Figure 25 shows the reactive power, while Figure 26
shows the voltage profiles: in both these Figures it is still possible to notice the
correspondence with the data of Table 14. In Figure 25 it is possible to notice the large
demand in reactive power for units on the Bus 16. This is the first cluster to be turned on,
and has to regulate voltage without any other neighboring clusters helping it. It turns out
that this high reactive demand does not surpass the rating of the unit because of the
corresponding low active power request: the cluster is regulating to 150KW out of
300KW available, leaving lots of VA available to be used for the voltage regulation.

In Figure 26, the voltage profiles are shown in two different scales: the upper plot from 0
to 1 pu, while the second scale is magnified around the values that the voltages assume.
The upper plot shows the relative small magnitude of the voltage excursion during the
regulation, while the enlarged plot gives a better idea on how the voltages settle to the
requested values as the units are connected to the micro-grid. Notice that the voltage
profiles for # =1 match the steady state voltage of Table 13, when no units are present.
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Figure 24. Micro-Sources Active Power Injection, Startup
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Figure 27 shows the power provided by the grid while the units are turned on one at a

Time [s]

Figure 25. Micro-Sources Reactive Power Injection, Startup.
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n2r 8

Time [s]

Figure 26. Regulated Buses Voltages, Startup.

time. The power provided from the grid almost halves, backing off from almost 1 MW to

near S00KW, when all the units are in service and regulating power according to our

choice.
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Figure 27. Power from the Grid, Startup.
Reduced load: loss of computers

The case of loss of computers was studied under the transient analysis and the system
response is displayed in the following figures. Figure 28 shows the active power injected
by the units after the computers are turned on: there is a small transient around the event,
but the regulated power after the computer loss is fixed to the same amount it had before,
equal to the desired value.
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Tirme [s]
Figure 28. Active power, with grid, computers turning off.
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The reactive power injection is shown in Figure 29, where it is possible to see that in
order to maintain the desired voltages at the local point of connection with the feeders the
units have to inject different amounts of reactive power than they did with the full load.
Since the computers, amounting to about 100KW, are located near the cluster of micro-
sources at bus 11, then it is this bus more than any other that sees the voltage coming up
as the loads is turned off. As a consequence of this, the reactive power injected by this
cluster is of inductive nature, that is, if the Q injection was zero, the voltage would be
higher than the requested amount.

Figure 30 shows the voltages during the event: all of them rise as a consequence of the
lighter load in the system, but the regulator ensures that they are brought back to their
desired values they had before, with the full load.
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Figure 30. Voltage with grid, computers turning off.
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Figure 31 shows the active power that is provided by the grid, through the transformer
T1: as the load diminishes, the grid has to inject less power, since the local distributed
generation does not change its requested output power.
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Figure 31. Power injected by the grid, when computers turn off.
Reduced load: loss of an Induction Machine

The dynamic behavior is shown in the following Figures. Figure 32 shows the active
power injection of the units as the IM at bus 21 is turned off: after a short transient, the
units return to their previous desired amount of output power. The deviation of power
from the steady state values are reduced compared to the case when the computers where
turned off (Figure 28), due to the fact that one IM is roughly half of all the computer
loads.

Figure 33 shows the reactive power injections, aimed to maintain a fixed voltage at the
bus on the feeder. The overall reduced load implies a smaller reactive injection of
reactive power to support the voltage. The cluster at bus 16, being the one electrically
nearest to the dropped induction machine, is the one that is most affected by the event.
Notice that although the reactive amount needed for the regulation is greatly reduced, the
source still has to inject capacitive power, meaning that if Q was zero the voltage would
be lower than the requested value.
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Figure 32. Active power, with grid, IM turned off.
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Figure 33. Reactive power, with grid, IM turned off.

Figure 34 shows the amount of active power that comes from the grid: since the units
regulate to constant output power and the load is reduced by an induction machine, the
overall power needed from the AC system is reduced. Notice that the reduction here is
smaller than in Figure 31, where we were turning off a larger load, i.e. both floors of
computer loads in the office building.
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Figure 34. Power injected by the grid, when one IM is turned off.
Island Mode

Whenever the connection with the main grid fails, the micro-sources offer the possibility
of operating in island mode. The plant needs to shed the non-sensitive loads and the units
need to inject more active power. The cluster of units at the bus 8 is chosen to represent
the slack bus, while the power of the remaining clusters regulate so that the units generate
only the power needed locally. Table 17 summarizes the results: the flows of power in
some of the distributing cables is reduced to almost zero and the losses are also reduced.
The setpoints for the units in steady state is aimed to zero out the power in the following
branches:

Branch from Bus 5 to 16
Branch from Bus 5 to 22
Branch from Bus 4 to 8

Branch from Bus 8 to /1

Figure 35 shows the island mode diagram, where the power must all be provided locally.

The non sensitive loads (NSL) are dropped as the main connection with the grid fails: the
branches where we specify the power flow to be zero during islanding operation are also

shown.
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Figure 35. Island Mode, with Zero Power Flow in some Branches.

The reduction in the overall system losses is partially due to the choice of the power
setpoints for the micro-sources that minimizes cable losses, but also due to the fact that
there are fewer loads in the network without the non sensitive loads, and therefore an

overall reduced current magnitude in the cables. Figure 36 shows the droop characteristic

used in this example: each of the four clusters has its own regulating curve.
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Figure 36. Power-Frequency Droop used in this Study.

73



Bus Number

Voltage [pu]

Branch

S k->m [KW +j KVAR]

Branch Losses  [KW +j KVAR]

Bus_k Bus_m

5 16 0.0003 +j 0.00023 0. +j0.

5 22 0.0003 +j 0.00025 0. +j0.

8 7 57.9639 +j 18.7483 0.06407 +j 0.021357
9 10 64.9283 +j 13.1712 0.26997 +j 0.13476
8 11 0.0080594 + j 15.7805 0.00002 +j 0.8805
11 12 0. +j0. 0. +j0.

11 13 28.2928 +j 9.08125 0.29033 +j 0.015537
14 33 0. +j0. 0.+j0.

14 15 102.3857 +j 29.47302 0.63146 +j 0.68607

Slack coefficient g =1.0013

Total losses = 10.4934 KW

2 -

3 -

4 0.9900
5 0.9900
7 0.9889
8 0.9900
9 0.9885
10 0.9841
11 0.9800
12 0.9800
13 0.9707
14 0.9779
15 0.9706
16 0.9900
22 0.9900
28 0.9662
29 0.9836
30 0.9403
31 0.9368
32 0.9800
33 0.9614
34 0.9600
35 0.9779
36 0.9549
37 0.9518

Source P [KW] Q [KVAR] S [KVA] # of Units Available
in Cluster KW
Flow from T1 - - - - -
DR at Bus 16 274.0 25.5 275.1 4 300
DR at Bus 22 274.0 25.5 275.1 4 300
DR at Bus 8 122.5 218.2 250.2 3 225
DR at Bus 11 132.0 -144.9 196.0 2 150

Table 17. Island Mode, Full Load.
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Steady state island mode analysis tool

To obtain the data of Table 17, the classical formulation of the power flow problem had
to be revisited to allow for the droop characteristic as explained in section 3.4 to be
implemented. As of Figure 18, the missing power from the grid must be taken in by all
the units contemporarily as they all ramp up their output power. We introduce here the
concept of slack coefficient g such that the power injections of each machine is given by:

B..=h,+8P.-P),)

ext,i

The coefficient g is the same for the whole network. If g = 0, then we are connected to
the grid and output power is the one requested at w = w,. If g =1, then the output power
of the unit is the one requested at w = w,;, (see Figure 18). Notice that g can be smaller
or larger than one: it is smaller than one when some of the loads are missing (see Tables
18 and 19), it is larger than one when some of the generation is missing (see Table 20, 21
and 22), and it is about one when all the loads and generations are in (see Table 17). This
last case is the one that insures a zero flow of power in the transformers T1 and T2,
which can be seen in Table 17 by the fact that the power flows on the branches 5-16 and
5-22 is about zero. The island setpoint for the power is also chosen to minimize the flow
of power on the cable that connects the factory with the warehouse, namely branch 8-11,
whose active power flow is about zero.

The new formulation of the power flow must be corrected in the following way from the
classic case described in Section 4.:

- Slack Generation Bus: V and angle 8 are specified plus the P injected
- Load Buses: external P and Q (negative) injections are specified
- Remaining Generation Buses: P injected and V are specified

The only difference here is in the fact that the slack bus has a specified power, unlike the
classical formulation. Remember that injected power from the units is determined once
the slack coefficient g is known. That is: we are introducing a new variable, g, then we
need to add one extra constraint to the equation system. To summarize, for each bus we
can write the following two real equations:

E P, +P that 1s : E i TR+ g(PL,. - B)’i) =0 for the generation buses

net, i ext, i

EQnet,i + ext,i
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We then have 2n constraining equations. We have 4n+1 quantities that uniquely define
the system: 4 each bus, as the classic approach, plus the slack coefficient g. We have
2n+1 specified quantities: 2 per each bus, like in the classic approach, plus the active
power injection for the slack bus. In total we have 4n+1-(2n+1)=2n unknown quantities,
with 2n equations, which represent the solvable system for the modified power flow
problem.

Reduced load: loss of computers

Figure 37 shows the factory diagram when we are operating in island mode and when we
are disconnecting the non sensitive loads and the computers from the office.

120KV ! Copsters

< 3 | <-|—’ g 208V
240V ‘®E

Figure 37. Factory Diagram, Island Mode without Computers.

Table 18 shows the steady state results when all the units are in place, but all of the
computer loads are missing. Since we are in island mode, it is understood that the non
sensitive loads are also missing. There is need for less power to be injected compared to
the case just described, and since all the units ramp up power contemporarily through the
slack coefficient g, then we have to expect g to be smaller than one.
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Bus Number Voltage [pu]

1 -

2 -

3 -

4 0.9901

5 0.9903

7 0.9889

8 0.9900

9 0.9885
10 0.9841
11 0.9800
12 0.9800
13 0.9707
14 0.9798
15 0.9792
16 0.9900
22 0.9900
28 0.9662
29 0.9836
30 0.9403
31 0.9368
32 0.9800
33 0.9614
34 0.9600
35 0.9798
36 0.9778
37 0.9775

Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]

Bus_k Bus_m

5 16 34.5404 — j 8.97799 0.015209 + j 0.020846

5 22 34.5449 —j 12.267 0.019624 +j 0.026161

8 7 57.9639 +j 18.7483 0.06407 +j 0.021357

9 10 64.9283 +j 13.1712 0.26997 +j 0.13476

8 11 -75.87001 + j 258.461 3.6646 +j 3.9533

11 12 0. +j0. 0. +j0.

11 13 28.2928 +j 9.08125 0.29033 +j 0.015537

14 33 0. +j0. 0. +j0.

14 15 9.578 +j 1.9224 0.0052881 + j 0.0057453

Slack Coefficient g = 0.7193

Total losses =9.9731 KW

Source P [KW] Q [KVAR] S [KVA]
Flow from T1 - - -
DR at Bus 16 239.2 45.6 243.5
DR at Bus 22 239.2 47.9 243.9
DR at Bus 8 116.2 269.5 293.5
DR at Bus 11 117.4 -263.5 288.4

Table 18. Island mode, without all the Computers.

Reduced load: loss of an Induction Machine

Figure 38 shows the factory diagram in island mode, without an induction machine: all

non sensitive loads are already taken out as the system transferred to island. The machine
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that is disconnected from the rest of the network is the last one on the first floor, located
on bus 21. The nearest cluster is on bus 16 and is regulating its own power according to
the droop characteristic, shared with all the other units in the isolated micro-grid.

170K

9

N\7

o
&
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Figure 38. Factory Diagram, Islanding, with loss of an IM.

Table 19 shows the island case results when the induction machine at the Bus 21 is not
connected and all the non sensitive loads are taken out. Like in the case of the computer
missing, we have that the overall load is lower, associated with lower overall losses and
with a slack coefficient smaller than one. Notice also that anytime that g is different from
one we can’t meet anymore the desired property of zeroing the active power flow in some
of the key branches.
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Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]

Bus_k Bus_m

5 16 -30.262 + j 19.4665 0.015471 +j 0.021204

5 22 18.276 —j 15.9106 0.0085796 +j 0.011437

8 7 57.9639 +j 18.7483 0.06407 +j 0.021357

9 10 64.9283 +j 13.1712 0.26997 +j 0.13476

8 11 8.171931 + j 178.499 1.6126 +j 1.7396

11 12 0. +j0. 0. +j0.

11 13 28.2928 +j 9.08125 0.29033 +j 0.015537

14 33 0. +j0. 0. +j0.

14 15 102.3857 +j 29.47302 0.63146 +j 0.68607

Slack Coefficient g = 0.8505

Total losses = 10.145 KW

Source P [KW] Q [KVAR] S [KVA]
Flow from T1 - - -
DR at Bus 16 255.5 -22.6 256.4
DR at Bus 22 255.5 45.5 259.5
DR at Bus 8 119.1 214.5 245.3
DR at Bus 11 124.2 -147.8 193.1

Bus Number Voltage [pu]

1 -

2 -

3 -

4 0.9900

5 0.9900

7 0.9889

8 0.9900
9 0.9885
10 0.9841
11 0.9800
12 0.9800
13 0.9707
14 0.9779
15 0.9706
16 0.9900
22 0.9900
28 0.9662
29 0.9836
30 0.9403
31 0.9368
32 0.9800
33 0.9614
34 0.9600
35 0.9779
36 0.9549
37 0.9518

Loss of a Micro-source

Table 19. Island mode, without the Induction Machine on Bus 21.

Figure 39 shows the factory diagram when a unit in cluster 16 is suddenly lost and the
available power to that bus is 225KW, versus the 300KW that was before when all the
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four units were operating. All the remaining loads, besides the non sensitive loads, are
connected to the micro grid.

120KV

11
" | 108V

Figure 39. Factory Diagram, Loss of a Micro-source, Islanding.

Table 20 shows the case when a unit in the cluster at bus 16 is suddenly lost. The
available power is no longer 300KW, but rather 225KW. This amount is more than
enough to provide the required power when grid is still connected, but in the island mode
the other units have to inject more power to meet this missing amount: indeed the slack
coefficient is larger than one. Notice that now the cluster in Bus 22 is operating near its
maximum allowed amount. Table 21 shows the case when a unit in the cluster at bus 22
is lost: this case is very similar to the loss of the unit on bus 16. Table 22 shows the case
when a unit at bus 11 is lost. When a unit in cluster 8 is lost, nothing will change. This is
due to the fact that there is lots of availability of power on this bus: Table 20 shows that
even by losing a unit, cluster at Bus 8 could still inject up to 150KW, enough to meet its
request of 122.5KW.
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Bus Number

Voltage [pu]

1

2 -
3 -
4 0.9900
5 0.9901
7 0.9889
8 0.9900
9 0.9885
10 0.9841
11 0.9800
12 0.9800
13 0.9707
14 0.9779
15 0.9706
16 0.9900
22 0.9900
28 0.9662
29 0.9836
30 0.9403
31 0.9368
32 0.9800
33 0.9614
34 0.9600
35 0.9779
36 0.9549
37 0.9518

Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]
Bus_k Bus_m
5 16 48.3931 — j 30.2577 0.038913 +j 0.053334
5 22 -25.6761 +j 23.4901 0.017691 +j 0.023584
8 7 57.9639 +j 18.7483 0.06407 +j 0.021357
9 10 64.9283 +j 13.1712 0.26997 +j 0.13476
8 11 -15.91669 + j 201.2759 2.0589 +j2.2211
11 12 0. +j0. 0. +j0.
11 13 28.2928 +j 9.08125 0.29033 +j 0.015537
14 33 0. +j0. 0. +j0.
14 15 102.3857 + j 29.47302 0.63146 +j 0.68607
Slack coefficient g = 1.3223
Total losses = 10.8680 KW
Source P [KW] Q [KVAR] S [KVA]
Flow from T1 - - -
DR at Bus 16 225.0 66.0 234.5
DR at Bus 22 299.4 12.2 299.6
DR at Bus 8 129.8 226.7 261.22
DR at Bus 11 148.8 -160.1 218.5

Table 20. Loss of Unit in Cluster at Bus 16
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Bus Number

Voltage [pu]

1

2 -
3 -
4 0.9900
5 0.9901
7 0.9889
8 0.9900
9 0.9885
10 0.9841
11 0.9800
12 0.9800
13 0.9707
14 0.9779
15 0.9706
16 0.9900
22 0.9900
28 0.9662
29 0.9836
30 0.9403
31 0.9368
32 0.9800
33 0.9614
34 0.9600
35 0.9779
36 0.9549
37 0.9518

Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]

Bus_k Bus_m

5 16 -25.6822 + j 24.3745 0.014976 + j 0.020527

5 22 48.4014 —j 31.5305 0.048745 +j 0.064982

8 7 57.9639 +j 18.7483 0.06407 +j 0.021357

9 10 64.9283 +j 13.1712 0.26997 +j 0.13476

8 11 -15.9182 +j 201.2774 2.0589 +j2.2211

11 12 0. +j0. 0. +j0.

11 13 28.2928 +j 9.08125 0.29033 +j 0.015537

14 33 0. +j0. 0. +j0.

14 15 102.3857 +j 29.47302 0.63146 +j 0.68607

Slack coefficient g = 1.3223

Total losses = 10.8751 KW

Source P [KW] Q [KVAR] S [KVA]
Flow from T1 - - -
DR at Bus 16 299.4 11.3 299.61
DR at Bus 22 225.0 67.2 234.8
DR at Bus 8 129.8 226.3 260.9
DR at Bus 11 148.8 -160.1 218.6

Table 21. Loss of Unit in Cluster at Bus 22
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Bus Number

Voltage [pu]

1

2 -
3 -

4 0.9899
5 0.9898
7 0.9889
8 0.9900
9 0.9885
10 0.9841
11 0.9800
12 0.9800
13 0.9707
14 0.9779
15 0.9706
16 0.9900
22 0.9900
28 0.9662
29 0.9836
30 0.9403
31 0.9368
32 0.9800
33 0.9614
34 0.9600
35 0.9779
36 0.9549
37 0.9518

Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]

Bus_k Bus_m

5 16 -26.2897 +j 6.7991 0.0088136 + j 0.01208

5 22 -26.2871 +j9.31282 0.011368 +j 0.015155

8 7 57.9639 +j 18.7483 0.06407 +j 0.021357

9 10 64.9283 +j 13.1712 0.26997 +j 0.13476

8 11 56.83757 +j 132.8277 1.0542 +j 1.1373

11 12 0. +j0. 0. +j0.

11 13 28.2928 +j 9.08125 0.29033 +j 0.015537

14 33 0. +j0. 0. +j0.

14 15 102.3857 +j 29.47302 0.63146 +j 0.68607

Slack Coefficient g = 1.2099

Total losses = 9.8370 KW

Source P [KW] Q [KVAR] S [KVA]
Flow from T1 - - -
DR at Bus 16 298.2 274 299.4
DR at Bus 22 298.2 28.9 299.6
DR at Bus 8 127.2 181.2 221.4
DR at Bus 11 75.0 -92.7 119.2

Table 22. Loss of Unit in Cluster at Bus 11
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Steady State Summary

The steady state results are summarized in the following Tables. Table 23 shows the
losses of the system on the results described so far. Losses are greatly reduced by the
introduction of the micro-sources on the factory floors. It is possible to notice yet another
step in losses reduction when operating in island mode, since branch flow is reduced. The
flow of power from the network is reduced of all the amount injected locally by the
micro-sources. All the sources are operating at constant power setting when connected to
the grid, so each load change is adjusted with different amount of power taken from the
grid. When the system operates in island mode the settings of the units depend on the
load condition of the plant: with full load the units operate as to zero out the power in
some branches of the system, as of Table 24. This Table shows the power flowing in
some branches during all conditions: the large flows corresponding to the case when no
units are installed, while flow may become negative during islanding because power is
moving from one part of another of the network, against the normal flow when provided
by the grid.

Total Flow from | DR at Bus 16 | DR at Bus 22 DR at Bus 8 DR at Bus 11

Losses T1 [KW] [KW] [KW] [KW] [KW]
[KW]
No Units Full Load 36.94 946.78

Connection Full Load 19.35 489.35 150.0 150.0 100.0 80.0
to the No Computers 14.31 394.19 150.0 150.0 100.0 80.0
Grid No IM on 1* Floor 17.78 439.24 150.0 150.0 100.0 80.0
Full Load 10.49 - 274.0 274.0 122.5 132.0
Island No Computers 9.97 - 239.2 239.2 116.2 117.4
Mode No IM on 1* Floor 10.14 - 255.5 225.5 119.1 124.2
Loss of Unit on Bus 16 10.86 - 225.0 299.4 129.8 148.8

Table 23. Summary for Steady State Power Injections.
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Branch Flow from Bus

Branch Flow from

Branch Flow from

Branch Flow from

5 to 16 [KW] Bus 5 t0 22 [KW] Bus 4 to 8 [KW] Bus 8to 11 [KW]

No Units Full Load 263.05 262.8 401.2 226.44

Connection Full Load 123.92 123.98 235.85 155.59

to the No Computers 123.91 123.97 142.99 62.72

Grid No IM on 1* Floor 75.24 123.99 235.33 155.59
Full Load 0.0 0.0 0.0 0.0

Island No Computers 34.54 34.54 -69.19 -75.87
Mode No IM on 1* Floor -30.26 18.27 11.95 8.17

Loss of Unit on Bus 16 48.39 -25.67 -22.83 -15.91

Details of Dynamic Study.

Table 24. Summary for Steady State Branch Flows.

It is also important to examine the transients when we make the transfer to island mode.

Now critical loads only are supplied by the micro-sources, since all the non critical loads

are shed when the grid connection fails. Figure 40 shows the active power injections: the

transient takes place between the steady state operating points described by Table 14 and

17. Figure 41 shows the reactive power injection, while Figure 42 shows the voltage

regulation during transfer to island mode: the lower plot represents the voltages in a 0 to

1 pu scale, while the upper plot is a magnification of the voltages around the 1 pu value.

The full scale plot allows us to see that the voltage profile is almost unaltered during

islanding, while the magnification gives us insight on the actual dynamics that take place.

Both plots are in the same time scale.
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Figure 40. Active Power Injection, Transfer to Island.
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Figure 41. Reactive Power Injection, Transfer to Island.
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Figure 43 shows the local frequencies at the buses where the micro-sources are connected
with the feeders. The frequency of the micro-grid assumes the same values across the
islanded network, following the regulating characteristics of the controllers. Figure 43
shows the overlap of the frequencies at the point of connection with the local network at
each cluster, and they all look as if they were one single trace. As the grid fails, the
frequency is free to swing: a slower loop in the controller will restore the frequency to a
value that is very close to the nominal value.
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Figure 43. Frequency Restoration, Transfer to Island.
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Reduced load: loss of computers

Transient analysis shows us time domain traces of the system as it transfers to island
mode with a reduced load: not only the non sensitive loads are dropped, but also the
computers are turned off. Figure 44 shows the active power that each of the cluster of
units inject into the system: a comparison with Figure 31 shows that now the output
power is slightly smaller than with the case with the computers.
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Figure 44. Active power, transfer to island, without computers.

Figure 45 shows the reactive power that the units have to provide when the system
transfers to island mode without the computers. This reactive quota changes to maintain
the regulated voltage fixed to the desired values at steady state. Since the computers are
located in electrical proximity to cluster of bus 11, then it is this bus that shows the
largest difference from Figure 41, when the computers are on. Notice that in Figure 41
once the system becomes isolated the cluster of bus 11 needed to inject inductive reactive
power to hold down the voltage. Now, in Figure 45 it has to provide more inductive
power to maintain the voltage at the same value. Figure 46 shows the regulated voltage as
a consequence of the islanding event. After a short transient, the voltage is brought back
to the desired value.
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Figure 45. Reactive power, transfer to island, without computers.
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Figure 46. Regulated voltage, transfer to island, without computers.

Figure 47 shows the frequencies measured at the feeders where the cluster of micro-
sources are connected. The frequencies at bus 8, 11, 16 and 22 are overlapped, even if it
looks like there is only one single trace. The system frequency is slowly restored to near
the nominal value after having dropped almost instantaneously to the regulating value.
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Figure 47. Network frequency, transfer to island, without computers.

Reduced load: loss of an Induction Machine

The transient analysis will show us how the system will behave after the event that
transfers the system to island, without the last induction machine on the first floor of the
factory, on bus 21. Figure 48 shows the active power output of the micro-sources as they
rearrange their output power due to the islanding.
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Figure 48. Active power, transfer to island, without an IM
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Figure 49 shows the reactive power needed to maintain the requested voltage at the buses
where the units are connected to the system. Since the induction machine that is turned
off is on the first floor, we see that the reactive power injection from the units at the bus
16 is lower than the one saw in Figure 41, where only the non critical loads where turned
off. Figure 50 shows the network frequency: notice that the lowest frequency ever
reached is higher than the one already seen in Figure 43, due to the fact that the overall
power demand is lower in this case.
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Figure 49. Reactive power, transfer to island, without an IM
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Figure 50. Network frequency, transfer to island, without an IM
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Loss of a Micro-source

It is possible to simulate a unit missing from a cluster by simply setting an upper limit to
the active power that the cluster can overall inject into the network. For this purpose, we
will look at the results obtained during the transfer to island with full load, and with the
cluster at the Bus 16 that can’t exceed 0.75 pu of its nominal active power output. Since
the overall rating of the cluster is 300 KW then, under this limiting condition we have
that the units on this bus will not be able to inject more than 225 KW in steady state. This
is because before we had 4 units of 75 KW each in the cluster, as of Table 12, and after
the failure of one of them, we only have 3.

To understand the way we enforce the limit, it is useful to refer to Figure 17. The
dynamics of the prime mover are controlled by the variable Pc, therefore we add a limiter
block to that quantity to ensure that it will never exceed the amount of 0.8 pu. The active
power of the micro-sources is shown in Figure 51. Transiently, the power output of the
cluster at bus 16 exceeds the limit, settling to the value commanded by the droop
characteristic. As recovery takes place and the variable Pc reaches its maximum allowed
value then the output power adjusts according to the limit. All the other clusters increase
their output power to compensate for the smaller injection from bus 16.
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Figure 51. Active Power from the Units, Island Mode, with Limit on Bus 16.
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Figure 52 shows the control variable Pc: as the unit reaches its limit it is clamped to that
value and held in steady state. The other units continue to ramp up according to the droop
characteristic.
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Figure 52. Control Variable Pc, Island Mode, with Limit on Bus 16.

The reactive power injection by the micro-sources is shown in Figure 53. This injection is
the one required to hold the desired voltages at the buses where the units are installed.
Figure 54 shows the regulated voltages during the transfer to island when the active
power limit is enforced on the cluster at bus 16.

93



300 T .

280 Gy 4

200 - .
180 | .

100 F -
Q1B
50t ]

-a0

[kar]

=
=

-100

140

-200 ! !

Time  [g]

Figure 53. Reactive Power from Units, Islanding with Limit on Bus 16.
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Figure 54. Regulated Voltages, Islanding, with Limit on Bus 16.

The frequency recovery process is not altered by the limit coming into effect: Figure 55
shows the frequency during the islanding transient. This is the overlap of all the
frequencies measured at the buses where the units are installed.
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Figure 55. Frequency Recovery, Islanding, Limit on Bus 16.
4.2 Load Dispatch Strategy

In the sections that we have so far analyzed, the power output from the units is directly
controlled by assigning a desired value to it. The controller would compare the measured
injected power and generate the appropriate signal. It is desirable to be able to operate the
units in such a way that the desired power chosen is not the one produced by the unit, but
rather the power that flows in some key branch of the network. We saw in the islanded
mode that the droop characteristics are targeted to obtain a zero power flow in the
following branches:

- Branch from bus 5 to 16
- Branch form bus 5 to 22
- Branch from bus 4 to 8

- Branch from bus 8 to 11

When the slack coefficient g was one, then the active power flows in the above branches
was exactly zero. This operating point is reachable because the units can locally meet the
demand of the neighboring loads, without the need to import power from other points of
the isolated grid.

The main reason why we are interested in exploring the load dispatch strategy is because
when regulating power on the branches to a constant value, then the power taken from the
grid will remain unchanged whenever the load changes in the micro-grid. There are
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cases when the utility is interested in having large customers to draw a constant amount
of power from the grid, regardless of their changing local needs of power. This solution
would solve the problem and the grid would see a constant power in the industrial site.

In this section we are exploring the possibility of controlling directly the active power
that flows in these branches, not only during islanding, but in all conditions of operation.
The first basic requirement for this load dispatch strategy to take place is to make a
measure of the power flowing in those branches so that the control can compare it against
the desired amount given on beforehand.

The control described in Figure 17 has to be revisited under the light of this new desired
goal: the measured power is converted to the measure of the branch power and the

desired unit output power is converted to thBe desired amount of power flow in the branch.
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Figure 56. Frequency Droop with Load Dispatch.

Figure 56 shows the new diagram of the controller to keep into account of these changes.
The most dramatic of all the changes is not the new measure and setpoint of power, but
rather the inversion of the droop characteristic. Indeed, from Figure 57 it is possible to
see that if the output power of the unit increases, then the power from the branch
decreases, that is, we need to import less from other parts of the network to meet the local
loads.
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Figure 57. Diagram of Load Dispatch.
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We test this regulating technique by assigning to the desired flows of power in the lines
the same values that they had when we were controlling the power injected by the units.
The desired active power for the branches is shown in Table 25. The values are taken
looking at the power flow in those branches in Table 14, where we were directly
regulating the active power from the unit.

Branch: starting Bus and ending Bus Desired Power Setpoint [KW]
5 > 16 124
S > 22 124
4 -> 8 237
8§ > 11 156

Table 25. Desired Setpoints for Branches Power Flows.

It is possible to find a value for the branch 4 to 8 from Table 14 by adding up the power
in the branches that stem from it, namely 8 to 7, 9 to 10 and 8 to 11. To this value, we
need to subtract the amount of power already provided locally by the cluster at the bus 8,
which totals to 100MW. The active losses in the transformer T4 are minimal, at the point
that can be neglected.

Connected to the grid

The factory diagram in Figure 58 summarizes the operation with load dispatchment: the
measures of the line flows are fed back to the micro-source controls so that it is possible
to regulate them. Here it is clear to see what cluster controls what line flow. In this test, it
is understood that all loads are connected.
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Figure 58. Factory Diagram, with Load Dispatch

Due to the choice of desired power in the regulated branches, with full load, the steady
state results will be exactly identical to Table 14.

Reduced Load: loss of 1* Floor of computers

In this scenario, we are dropping one floor of computers when the system is operating in
connection to the grid and with full load. Figure 59 shows the factory diagram when we
are operating with load dispatch and removing one floor of computer from the load.
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Figure 59. Factory Diagram with Load Dispatch and without the Computers.
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Table 26 shows the steady state results for this mode of operation. The flow from

the grid is unchanged, as well as all the flows in the key branches stayed unaltered. The

units at the cluster on bus 11 are the ones who back off their output power in order to

maintain the power flow on the selected branches constant.

Bus Number Voltage [pu]
1 0.9983
2 0.9990
3 0.9941
4 0.9901
5 0.9908
7 0.9878
8 0.9900
9 0.9885

10 0.9841
11 0.9800
12 0.9769
13 0.9707
14 0.9783
15 0.9737
16 0.9900
22 0.9900
28 0.9652
29 0.9724
30 0.9403
31 0.9368
32 0.9676
33 0.9614
34 0.9600
35 0.9512
36 0.9723

37 0.9548
Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]

Bus_k Bus_m
5 16 123.9275 — j 40.61688 0.20288 +j 0.27807
5 22 123.9869 — j 51.04278 0.26225 +j 0.3496
8 7 115.3511 +j 33.09207 0.24861 +j 0.082871
9 10 64.9283 +j 13.1712 0.26997 +j 0.13476
8 11 155.4614 +j 42.57668 1.2965 +j 1.3987
11 12 66.7642 +j 19.5777 0.21673 +j 0.037299
11 13 28.2928 +j 9.08125 0.29033 +j 0.015537
14 33 27.9207 + j 5.64849 0.77806 +j 0.12939
14 15 65.1025 +j 17.4261 0.25249 +j 0.27432

Total losses = 17.9245 KW

Source P [KW] Q [KVAR] S [KVA]

Flow from T1 489.1934 -112.3918 -

DR at Bus 16 150.0 72.5 166.6

DR at Bus 22 150.0 82.0 170.9

DR at Bus 8 100.0 115.7 152.9

DR at Bus 11 35.2 10.9 34.3

Table 26. Grid Connection, with Load Dispatch, without one floor of Computers
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Details of Dynamic Study.

The results from the transient analysis are shown in the Figures below. Starting with
Figure 60, we can see the active power flow in the branches the units are turned on one at
a time. As the units start to inject power in the network, the power drawn from the
branches diminishes. Notice that the power in branch 8 diminishes also when unit at bus
11 is turned on, since this bus is behind branch 8.
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Figure 60. Branch Power during System Startup with Full Load

Figure 49 shows the active power injected by the micro-sources during startup with full
load. The output power from the units is just a mere measurement here, and is not passed
back to the controller, since it is the branch power that is regulated to a desired value. It is
useful to compare it to Figure 24, where the startup with unit power regulation was
shown: although the steady state values are identical, some of the dynamics differ from
one Figure to the other.
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Figure 61. Active Power from Units during Startup with Full Load

Figure 62 shows the reactive power injection from the units during startup. These
injections are commanded by the controller to regulate the voltages to the desired
setpoints. These results can be directly compared with Figure 25, when we were
regulating the output active power of the sources. The reactive power plots are very
similar. The regulated voltage profiles are shown in Figure 63 and can be compared to
Figure 26. The two plots are remarkably similar to one another.
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Figure 62. Reactive Power from Units during Startup with Full Load
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Figure 63. Regulated Voltage during Startup with Full Load

Figure 64 shows the power from the grid during the startup with load dispatch: the
power commands for the flows in the branches are the same we had in the startup with
the independent power setpoint regulation. This explains why Figure 64 is qualitatively
similar to Figure 27, although some small differences are noticeable in the dynamics.
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Figure 64. Power from the Grid, Load Dispatch.

Reduced Load: loss of 1* Floor of computers

The power flowing in the key branches is shown in Figure 65, where it is possible to see
how the power stays constant in steady state, as regulated by the controller.
Instantaneously, the branches contribute to the new power request, and this drives the
units to adjust their output power to cancel out any contribution from the grid in the
steady state. Since the computes being dropped are located nearest the units at bus 11,
then it is not surprise to see the measure of the power in its nearest branch have the
largest deviations during the transients.
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Figure 65. Branch Power with Grid, Turning off Computers

The nearest cluster of unit to the office is the one installed on bus 11, therefore it will be
this cluster who will need to back off its active power injection to keep constant the
power flow in the branch after the load is dropped. Figure 66 shows the active power
injection of the micro-sources, where it is possible to see that only the cluster at bus 11
has a steady state change in output power as a result of the computer dropping. These
results are different from Figure 28, where we were dropping the computers with the
units regulating their output power to a constant value.

Notice that in that case we were dropping the whole computer load from the system, that
is both floors in the office building. With load dispatch we are only turning off one floor
of computers, the first floor, because since the computers are a large load, if we were to
drop both floors, the units at the bus 11 would have to behave as a load, that is adsorbing
rather than injecting power, to maintain the flow in the branch unchanged.

As aresult of this regulation, the amount of active power taken in from the grid stays
unchanged in the steady state. Figure 67 shows the time domain trace of the power from
the grid as the computers are turned off. The grid instantaneously backs off the power as
the load disconnects, but then goes back to the previous steady state value as the micro-
sources in the cluster at bus 11 reduce their power injection.
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Figure 66. Micro-Sources Active Power, with Grid, turning off Computers
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Figure 67. Power from the Grid, with Load Dispatch, turning off Computers

The reactive power is shown in Figure 68: this injection is needed to keep the voltage
constant at the feeder buses. When compared to Figure 29, it is possible to notice that all
the units have to inject a capacitive reactive power, while before the unit at the bus 11
where injecting inductive reactive power to hold down the voltage to the desired value.

The reasons for this behavior are twofold:
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- first we are shedding only half of the load now, so some extra compensation is

needed,

- second we are drawing the same amount of power from the branch 8 to 11,
therefore we are experiencing a higher drop in this line than we had before,
where we would allow the power from this branch to diminish.

Figure 69 shows the regulated voltages, how they tend to rise as the computers are
turned off, and how they are quickly brought back to desired value by the controller.
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Figure 68. Micro-Sources Reactive Power, with Grid, turning off Computers
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Figure 69. Regulated Voltage, with Grid, turning off Computers
Island Mode

Figure 70 shows the factory diagram when we are adopting the load dispatch and when
the system transfers to island. All the non sensitive loads (NSL) are dropped and the
power for the remaining loads in the islanded network comes all from the micro-sources.
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Figure 70. Factory Diagram, Island Mode with Load Dispatchment.

The case when the grid fails while operating in the load dispatch mode can be handled by
changing the power-frequency droop characteristic. Figure 71 shows that the slopes have
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opposite sign from the ones shown in Figure 18. At that time we were regulating the
powers from the units, therefore we needed to have more power as the frequency was
regulating to a lower level than nominal. Now we are regulating the power flows in the
branches and we need less power as the frequency reduces. All the units regulate to zero
power in the branches when operating in island mode.

o o6& =124 KW
Pg.1q = IS6KW /0,8 = 337KW
o = 60Hz // <
©1

®in = 59.5Hz

w

Figure 71. P-w Droop Characteristic, with Load Dispatch

The steady state results with full load are identical to Table 16, since both systems are
operating to cancel out the power in the key branches.

Reduced load: loss of 1* Floor of computers

Figure 72 shows the factory diagram when we are operating with load dispatchment in
isolation from the main grid. The first floor of computers have been disconnected, along
with all non sensitive loads. The full computer load is about 100KW, therefore by turning
off only a floor we would end up with a power demand that is roughly SOKW lower than
it was before with full load.
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Figure 72. Island Mode, Load Dispatch, no I*' Floor Computers.

Table 27 shows the steady state results after the first floor of computers have been
dropped and the island mode is in effect. The power is kept to zero in the key branches:
Table 17 showed the zero flow with full load in island. From that scenario, here the
computers have been shed, but the flow in the lines kept constant. That means that the
units at the bus 11 have to diminish their output power of the amount of a floor of
computers.
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Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]
Bus_k Bus_m

5 16 0.0002 +j 0.00015 0. +j0.

5 22 0.0002 +j 0.00015 0. +j0.

8 7 57.9639 + j 18.7483i 0.26997 +j 0.13476i
9 10 64.9283 +j 13.1712i 1.7584 + j 1.8969i
8 11 0.00563421 +j 14.342 0.00001 +j 0.4432
11 12 0. +j0. 0. +j0.

11 13 28.2923 +j 9.08121i 0.29032 +j 0.015537i
14 33 0. +j0. 0. +j0.

14 15 56.1741 + j 15.6589i 0.18881 +j 0.20513i

Total losses = 9.1958 KW

Source P [KW] Q [KVAR] S [KVA]
Flow from T1 - - -
DR at Bus 16 274.0 27.8 275.4
DR at Bus 22 274.0 27.9 2754
DR at Bus 8 122.5 213.3 245.9
DR at Bus 11 78.7 -159.8 178.1

Bus Number Voltage [pu]

1 -

2 -

3 -

4 0.9900
5 0.9900
7 0.9889
8 0.9900
9 0.9885
10 0.9841
11 0.9800
12 0.9800
13 0.9707
14 0.9789
15 0.9749
16 0.9900
22 0.9900
28 0.9662
29 0.9836
30 0.9403
31 0.9368
32 0.9800
33 0.9614
34 0.9600
35 0.9789
36 0.9735
37 0.9560

Reduced load: loss of an induction machine

Table 27. Load Dispatch, Island Mode, without one Floor of Computers.

Figure 73 shows the factory diagram when we are operating in island mode, with load

dispatchment and when one induction machine is disconnected. The machine in question

is the one located on the Bus 21, and due to the islanding mode of operation, it is possible

to see that also all non sensitive loads have been disconnected.
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Figure 73. Island Mode, with Load Dispatchment, Loss of an IM.

Table 28 shows the power flow results for the transfer to island with load dispatch and
with the load reduced of all non critical loads and of an induction machine.

111



Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]
Bus_k Bus_m
5 16 0.00018 +j 0.00013 0. +j0.
5 22 0.00018 +j 0.00013 0. +j0.
8 7 57.9639 +j 18.7483 0.06407 +j 0.021357
9 10 64.9283 +j 13.1712 0.26997 +j 0.13476
8 11 0.0045885 + j 14.7805 0.00001 +j 0.3723
11 12 0. +j0. 0. +j0.
11 13 28.2923 +j 9.08121 0.29032 +j 0.015537
14 33 0. +j0. 0. +j0.
14 15 102.3857 +j 29.47305 0.63146 + j 0.68606
Total losses = 10.7853 KW
Source P [KW] [KVAR] S [KVA]
Flow from T1 - - -
DR at Bus 16 2254 6.9 225.5
DR at Bus 22 274.0 33.2 276.0
DR at Bus 8 122.5 207.6 241.1
DR at Bus 11 132.0 -143.3 194.8

Bus Number Voltage [pu]

1 -

2 -

3 -

4 0.9900

5 0.9900

7 0.9889

8 0.9900
9 0.9885
10 0.9841
11 0.9800
12 0.9800
13 0.9707
14 0.9779
15 0.9706
16 0.9900
22 0.9900
28 0.9662
29 0.9836
30 0.9403
31 0.9368
32 0.9800
33 0.9614
34 0.9600
35 0.9779
36 0.9549
37 0.9518

Loss of a Micro-Source

Table 28. Load Dispatch, Island Mode, without one IM

The loss of some power from the cluster of units can be simulated by enforcing a limit to

the active power output that the unit can inject into the local grid. In this test we are
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limiting the power of the cluster at the bus 16 to 0.75 pu of its nominal rating: the
maximum active power that can be injected at this bus is 225KW, corresponding to 3
units. Indeed, before the failure of one unit, we had four units in this cluster, as of Table

12, where all the clusters are defined.

Figure 74 shows the factory diagram when we are operating in island mode with load
dispatch and we are losing a micro-source in the cluster at the bus 16. All the non
sensitive loads are turned off, while all sensitive loads are connected to the resulting
isolated network.

120KV
g) Grid D
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Lossofa _______------- 24 »é
micro-source y T

Figure 74. Loss of a Micro-source, with Load Dispatch, Island Mode.

The steady state results when losing a micro-source in island mode and with load
dispatchment are summarized in Table 29. It is possible to see that a new dispatching
point is reached, with no cluster exceeding the amount allowed by its ratings.

113



Branch S k->m [KW +j KVAR] Branch Losses  [KW +j KVAR]
Bus_k Bus_m
5 16 48.7622 — j 27.763 0.037608 + j 0.051547
5 22 -14.4829 +j 17.4081 0.0074904 + j 0.0099855
8 7 57.9639 +j 18.7483 0.06407 +j 0.021357
9 10 64.9283 +j 13.1712 0.26997 +j 0.13476
8 11 -12.23338 +j 197.7858 1.9833 +j2.1395
11 12 0. +j0. 0. +j0.
11 13 28.2928 +j 9.08125 0.29033 +j 0.015537
14 33 0. +j0. 0. +j0.
14 15 102.3857 +j 29.47302 0.63146 +j 0.68607
Total losses = 10.0730 KW
Source P [KW] Q [KVAR] S [KVA]
Flow from T1 - - -
DR at Bus 16 225.0 63.5 233.7
DR at Bus 22 288.2 12.3 288.2
DR at Bus 8 145.2 219.6 263.2
DR at Bus 11 145.8 -165.6 220.2

Bus Number Voltage [pu]

1 -

2 -

3 -

4 0.9901
5 0.9901
7 0.9889
8 0.9900
9 0.9885
10 0.9841
11 0.9800
12 0.9800
13 0.9707
14 0.9779
15 0.9706
16 0.9900
22 0.9900
28 0.9662
29 0.9836
30 0.9403
31 0.9368
32 0.9800
33 0.9614
34 0.9600
35 0.9779
36 0.9549
37 0.9518

Steady State Summary

Table 29. Load Dispatch, Island Mode, Loss of a Unit in Bus 16.

The steady state operating points for the operation with load dispatchment are

summarized in the following Tables. Table 30 shows the losses in the different tests:

these losses are very similar to the ones measured with the independent power setpoint

regulation. The load dispatch strategy lowers the amount of losses, but not in a dramatic
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way. The real difference can be noticed in the flow of power from the grid, that remains

unaltered when the computers in the first floor of the office are turned off. The nearest

unit (here on Bus 11), adjusts the output power so that the power from the incoming

branch (and therefore from the grid), remains constant. During island mode we can see

that the units arrange the power to values already seen with the independent setpoint

Strategy.

Table 31 shows the active power flow in the branches: the power is constant to the

desired value when operating with the grid. In island mode, the power is always regulated

to zero flow in the branches. This can be done as long as all the units can provide the

locally requested power: if a unit fails and this condition can no longer be met, then flows

will adjust accordingly to import power from other part of the micro-grid. As a

consequence of this behavior, flows in the branches are different from zero.

Total Flow from | DR at Bus 16 | DR at Bus 22 DR at Bus 8 DR at Bus 11
Losses | Tl [KW] [KW] [KW] [KW] [KW]
[KW]
No Units Full Load 36.94 946.78 - - - -
Connection Full Load 19.35 489.35 150.0 150.0 100.0 80.0
to the Grid No 1* Floor Computers 17.92 489.19 150.0 150.0 100.0 35.2
Full Load 10.49 - 274.0 274.0 122.5 132.0
Island No 1* Floor Computers 9.19 - 274.0 274.0 122.5 78.7
Mode No IM on 1* Floor 10.07 - 255.4 274.0 122.5 132.0
Loss of Unit on Bus 16 10.78 - 225.0 288.2 145.2 145.8
Table 30. Summary for Steady State Power Injections, Load Dispatch.
Branch Flow from Branch Flow from Branch Flow from Branch Flow from
Bus 5 to 16 [KW] Bus 5t0 22 [KW] Bus 4 to 8 [KW] Bus8to 11 [KW]
No Units Full Load 263.05 262.8 401.2 226.44
Connection Full Load 123.92 123.98 235.85 155.59
to the Grid No 1* Floor Computers 123.92 123.98 235.85 155.59
Full Load 0.0 0.0 0.0 0.0
Island No 1* Floor Computers 0.0 0.0 0.0 0.0
Mode No IM on 1* Floor 0.0 0.0 0.0 0.0
Loss of Unit on Bus 16 48.76 -14.48 -34.55 -165.6

Table 31. Summary for Steady State Branch Flows, Load Dispatch.
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Details of Dynamic Study.

The dynamic results are shown in the following Figures. Figure 75 shows the active
power flowing in the branches as the system transfers to island mode. All the flows go to
zero, following the droop characteristic.
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Figure 75. Branch Power, Transfer to Island, with Load Dispatch.

Figure 76 shows the active power injected by the micro-sources when the system goes in
island mode. It is possible to compare with Figure 36 where the same transient occurred
when regulating with the other droop.
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Figure 76. Active Power from Units, Transfer to Island, with Load Dispatch.

Figure 77 shows the reactive power injection during redispatching to regulate the voltage
at the feeder to a constant value. It is possible to compare with Figure 40 when the other
droop was used. Figure 78 shows the voltage at the regulated buses during the transient
after islanding. This Figure can be compared with Figure 42.
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Figure 77. Reactive Power from Unit, Transfer to Island, with Load Dispatch.
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Figure 78. Regulated Voltage, Transfer to Island, with Load Dispatch.

Figure 79 shows the frequency when islanding during load dispatch. This is the overlap
of the measure of the frequencies on the buses where the units are connected to the
network. The overlap shows one single trace, suggesting that the frequency drifts of the
same amount everywhere in the isolated micro-grid.
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Figure 79. Frequency Recovery, Transfer to Island, with Load Dispatch.

Reduced load: loss of 1* Floor of computers

Figure 80 shows the power in the key branches during the transient occurring after a grid
failure. All the non critical loads are dropped along with the first floor computers in the
office. We can see that the droop characteristic regulates the powers from the units as to
reach a zero flow of power in all the branches. That was not happening in the case when
the droop was regulating directly the power output of the micro-sources. In that case, the
micro-sources regulated to the amount of power needed to cancel out flow in branches
only when the non critical loads were off. That is, the droop didn’t know of the missing

118



computers and therefore the flow in the branches was no longer zero. With load dispatch,
the droop block does not need to know which loads are on or not during islanding, since
it is directly regulating the flows of power in the branches themselves.
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Figure 80. Branch Power, Islanding with Power Dispatch, no Computers

Figure 81 shows the active power output of the units. It can be compared with the results
with the other droop, in Figure 44. The flows of power from the units are different in the
two cases because in this case we reach zero flow of power in the branches. This case is
very similar to Figure 76, with the islanding with full load. As a consequence of the
computers turning off, only the cluster of units at bus 11 has to reduce its output amount
to maintain the same zero flow in the branches.
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Figure 81. Active Power from Units, Islanding, Load Dispatch, no Computers
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Figure 82. Reactive Power from Units, Islanding with Power Dispatch, no Computers

Figure 82 shows the reactive power of the units needed to sustain the voltage at the
required value during the transient. These results can be compared with Figure 55
representing the reactive power with the other droop.

Figure 83 shows the regulated voltage during islanding without the computers, and these
results can be compared with Figure 46
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Figure 83. Regulated Voltage, Islanding with Power Dispatch, no Computers
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Figure 84. Frequency Recovery, Islanding with Power Dispatch, no Computers

Figure 84 shows the recovery of the frequency as the systems transfers to island mode,
with load dispatching and without the first floor of computers. This plot, shows that the
frequency drops down uniformly in the network before restoration takes place.
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Reduced load: loss of an induction machine

Figure 85 shows the power flowing in the key branches when we switch to island mode,
we drop the non critical loads and also turn off one induction machine. In particular, this
machine is the last one on the first floor, that is, on bus 21. The control droop regulates
the branch power to zero without any knowledge of the fact that one machine is taken off
line.
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Figure 85. Branch Power, Islanding with Power Dispatch, without one IM

Figure 86 shows the active power injected by the clusters when the induction machine on
bus 21 is turned off in island mode. These results can be compared to Figure 48 where it
is possible to notice the difference in the unit output power dispatched. Now it is only the
cluster at bus 16 that notices a difference from the full load case, and backs off the output
power corresponding to the IM load.

Figure 87 shows the reactive power to maintain desired voltages at the feeder terminals.
These results can be compared with the other droop strategy shown in Figure 49
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Figure 86. Active Power from Units, Islanding with Power Dispatch, without one IM
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Figure 87. Reactive Power from Units, Islanding with Power Dispatch, without one IM.
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Figure 88. Frequency, Islanding with Power Dispatch, without one IM.

Figure 88 shows the frequencies at the point where the clusters are installed during the
islanding of the system without the last induction machine on the first floor of the
factory.

Loss of a Micro-Source

Looking at the block diagram of the control with load dispatch in Figure 56 it is possible
to see that the control variable Pc loses its meaning of power from the first mover, as it
had in Figure 17. To control the output power we need to resort to the formula that gives
the active power injection across an inductor:

VE .
P=3751n(6p)

We can limit the output power by setting a limit to the value that the angle difference can
assume. The value of the angle is therefore given by:

o) = arcsin( M\
\ 3vE )

p max

The active power from the units is shown in Figure 89. It is possible to see that the active
power in the bus 16 overshoots the limit during the transient, and then lowers its value to
the maximum amount in steady state. The reason why we have the overshoot derives
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from the formula used to calculate the power: the formula is exact in steady state, but is

incorrect during dynamics, where derivative of the angle would appear, and solving for

the angle difference would not be possible.
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Figure 89. Active Power from Units, Islanding, Load Dispatch, with Limit on bus 16.

The power flowing in the key branches is shown in Figure 90, where we can see the

consequences of the limit being reached at the bus 16. Without the limit we were able to

zero out the power in each branch during islanding. That was possible because there was

enough power available locally to supply the loads, so that no power needed to be

imported from other portions of the isolated grid.

The units at the bus 16 can’t inject all the requested power, and some power needs to be

imported from elsewhere: this is reflected by the positive value that this branch power

, B, 4. assumes in steady state. The other powers are negative, meaning that are exporting

power to other parts of the network.
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Figure 90. Branch Power, Islanding, with Load Dispatch and with Limit on Bus 16.

Figure 91 shows the reactive power injection to support the voltages to the desired
setpoints. The reactive power is not limited, so it is always possible to reach the requested
values for the voltages. Figure 92 shows the dynamics of the voltage magnitudes during
the transfer to island with limit enforced.
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Figure 91. Reactive Power from Units, Islanding, Load Dispatch, with Limit on Bus 16.
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Figure 92. Regulated Voltage during Islanding, Load Dispatch, with Limit on Bus 16.

Figure 93 shows the overlap of the frequencies measured at the point of connection of
each of the clusters. The frequency recovers to the nominal value regardless of the limit
being reached.
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Figure 93. Frequency Recovery, Islanding, Load Dispatch, with Limit on Bus 16.
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